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Abstract
This thesis deals with the development and investigation of composite-cavity (CC) organic microresonators
comprising a vertical cavity (VC) and a distributed feedback structure (DFB). Prepared as separate devices,
these two resonators are extensively investigated and characterized by their far-field radiation patterns,
emission spectra, and dispersion characteristics. Although the vertical and lateral systems are based on
entirely different concepts leading to distinct symmetries, confinement mechanisms, and processes of
optical feedback, devices produced with the same set of materials show comparable lasing thresholds.
The different angular dispersions of cavity and waveguide (WG) resonances are employed in a laterally
structured vertical-cavity surface-emitting laser (VCSEL), where a periodic grating serves as a diffractive
coupler between these two regimes. A coherent interaction of the vertical and horizontal system is
observed as pronounced anticrossings of parabolic and linear dispersion curves in the far-field spectra.
As a result from this coherent coupling, the hybridized WG-VCSEL modes show stimulated emission
in far-field regions, where the individual photonic structures would not reach the lasing threshold in a
decoupled scenario.
Efficient optical feedback in surface-normal and in-plane direction is achieved by combining a VC and
a second-order DFB structure in a continuous tunable CC microresonator. The optical coupling is due
to a first-order light diffraction on a second-order Bragg grating and, in the degenerate case, can be
as efficient as the coupling observed in more classical cascade coupled cavities. When the system is
non-degenerate, the diffraction efficiency is suppressed because of sub-coherence-length dimensions of
the composite-cavity and both resonators tend to operate as independent structures, without experiencing
substantial losses due to diffraction on the distributed-feedback grating.
Dispersion characteristics of multiple resonances are recorded and related to calculated modes, their field
profiles, and coupling efficiencies. In combination with the analysis of input-output measurements, the
lasing characteristics of vertical and lateral resonances are controlled by adjusting specific design parame-
ters of the system. For identical resonance energies, the distinct resonators show coherent interaction in
the cross-coupled configuration, if the quality of the resonances and the cross-coupling efficiency meet
the condition of strong photon-photon interaction. This resonant coupling has a fundamental impact on
dispersion and lasing characteristics of the system.
Kurzfassung
Die vorliegende Arbeit beschäftigt sich mit der Entwicklung und Untersuchung von organischen Mikrore-
sonatoren, die eine Kompositkavität aus einem Oberflächenemitter und einem Resonator mit verteilter
Rückkopplung (DFB) beinhalten. Diese beiden Resonatortypen werden zunächst als separate Strukturen
hergestellt, untersucht und über deren Intensitätsverteilungen im Fernfeld, Emissionsspektren und Disper-
sionseigenschaften charakterisiert. Die vertikalen und lateralen Strukturen basieren auf unterschiedlichen
Konzepten, die zu völlig verschiedenartigen Symmetrien, Mechanismen des elektromagnetischen Ein-
schlusses und Arten der optischen Rückkopplung führen. Nichtsdestotrotz weisen diese Resonatoren, die
mit dem gleichen Materialsatz hergestellt wurden, ähnliche Laserschwellen auf.
Die unterschiedliche winkelabhängige Dispersion von Vertikal- und Wellenleitermoden werden in einem
lateral strukturierten Oberflächenemitter (VCSEL) ausgenutzt. In dieser Struktur dient eine periodisches
Gitter als Kopplungselement zwischen diesen beiden Bereichen. Eine kohärente Wechselwirkung zwischen
vertikalem und horizontalem System zeigt sich durch das Auftreten von ausgeprägten Antikreuzungs-
punkten parabolischer und gerader Dispersionskurven in den winkelaufgelösten Emissionsspektren. Die
Folge dieser kohärenten Kopplung ist das Entstehen von Lasermoden in Bereichen des Fernfelds, wo die
einzelnen Resonatoren im entkoppelten Zustand die Laserschwelle nicht erreichen würden.
Eine wirksame optische Rückkopplung sowohl in Richtung der Oberflächennormalen als auch in late-
raler Richtung wird durch die Kombination einer VCSEL und einer DFB-Struktur zweiter Ordnung in
einem kontinuierlich durchstimmbaren Kompositresonator erreicht. Die optische Kopplung wird durch
Beugung erster Ordnung am Bragg-Gitter zweiter Ordnung realisiert. Im entarteten Fall werden Kopp-
lungseffizienzen beobachtet, die vergleichbar mit denen klassisch kaskadengekoppelter Mikrokavitäten
sind. Für verschiedene Energieeigenwerte der zwei Resonatorkomponenten führt die im Vergleich zur
Kohärenzlänge geringe Ausdehnung der Kompositkavität zu einer nahezu unabhängigen Tätigkeit der
beiden Resonatoren mit nur geringen Verlusten durch Beugung an der periodischen Struktur.
Die Dispersionseigenschaften von mehreren Resonanzen werden gemessen und berechneten Moden, deren
Feldverteilungen und Kopplungseffizienzen zugeordnet. In Verbindung mit der Analyse der Intensitäten
der Lasermoden in Abhängigkeit der Pumpleistung werden die Laserschwellen durch die Anpassung
spezifischer Designparameter kontrolliert. Für identische Resonanzenergien weisen die unterschiedlichen
Resonatoren eine kohärente Wechselwirkung auf, falls die Qualität der Moden und die Beugungseffizienz
die Bedingung für starke Photon-Photon-Kopplung erfüllen. Diese resonante Kopplung zeigt einen
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1 Introduction
Only six years after the very first laser was demonstrated by Maiman in 1960 [5], Sorokin and Lankard were
the first who reported on stimulated emission from an organic dye dissolved in ethyl alcohol [6]. Exhibiting
large stimulated cross sections and broad emission spectra, materials based on organic molecules are
particularly suitable as active medium and attracted enormous interest in laser research. During the
following years, widely tunable laser emission (1967, [7]), continuous-wave operation (1970, [8]) and
short pulses approaching the femtosecond regime (1972, [9]; 1981, [10]) were demonstrated for organic
dye solution lasers. As a versatile light source of tunable and coherent radiation, they are still utilized in
basic science, medicine, and industry [11, 12].
A promising route to tunable, compact, and low-cost lasers was motivated by the idea of incorporating
dye molecules in solid-state materials. Soffer and McFarland reported on the first organic solid-state laser
with a dye-doped polymer as active material already in 1967 [7]. Although the discovery of electrical
conductivity in doped conjugated polymers in 1977 [13] was followed by a tremendous progress in the
research of organic electronics, electrically induced laser emission in organic semiconductors has not
been observed yet. Major obstacles are related to losses due to triplet states and charge-induced, as well
as electrode-induced, absorption [14].
Two of the numerous designs of resonators, providing optical feedback for the laser structure, are realized
in the vertical cavity (VC) and the distributed feedback laser (DFB). While the VC comprises the
optically active material as a planar film sandwiched between two reflectors, the DFB combines an optical
waveguide structure with a periodic grating. During the last decades, much effort was invested to improve
the performance of those different laser structures by lowering their lasing thresholds, extending the
wavelength coverage, and improving their tunability.
Tunable DFB structures can be achieved by changing geometric properties such as the thickness of
the active layer [15, 16] or the corrugation period of the grating [17, 18], or by creating a variability
of the optical properties of the materials [19]. Often, the tunability of the devices works in a discrete
regime [17, 20, 21]. Continuously tunable structures have been produced with wedge-shaped guiding
layers [15, 16], holographic corrugations [22–24], changing grating periods as a result of mechanical
deformation [18], or electrically controlled refractive indices [19]. Continuous tunability in VCs is
achieved by altering the optical thickness of the layers forming the vertical resonator. In static structures,
comprising a thickness gradient in the cavity, the wavelength can be controlled by selecting the location
of the pump spot [25–27]. In VCs based on a micro-electro-mechanical system, the emission wavelength
can be regulated by the position of a movable reflector via electrostatic, electrothermal, or piezo-electric
actuation [28–31].
A favorable architecture for organic VCs is realized in the vertical-cavity surface-emitting laser (VCSEL),
where the active region with a thickness of only a few multiple of λ/2 is encased by two distributed
Bragg reflectors (DBRs). Typically, these mirrors consist of alternating layers of dielectric materials
with negligible losses at the resonance energy and provide very high reflectivities. Since their first
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demonstration in 1996 [32], the lasing thresholds of organic VCSELs have been decreased by several
orders of magnitude [33–35]. A very successful approach to control their lasing characteristics is based
on the modification of optical confinement by employing lateral structures such as dielectric gratings [36]
and photonic dots [37]. On the way towards electrically driven organic solid-state lasers, promising results
have been demonstrated in laterally patterned microcavities comprising conductive materials [38]. Despite
the absorptive nature of metal films, the introduction of these materials can even lead to substantially
reduced lasing thresholds of VCs with elaborate pattern designs [39]. These results indicate that there is
still considerable room to control and modify lasing characteristics of organic resonator structures.
Systems of coupled microresonators are of key importance in the fields of slow-light engineering [40],
quantum many-body simulation [41], or topological photonics [42]. Resonator architectures such as
microrings [43], microdisks [44], and microspheres [45] can readily be arranged in large-scale lattices of
coupled systems. However, their dimensions are usually large compared to the resonant wavelength [40,46].
While VC and DFB structures can be coupled axially or laterally in a cascaded fashion [47, 48], it is much
more difficult to cross-couple them as it would be desired by many applications, such as optical and electro-
optic switches, directional switching of lasers, optical interconnects, or lab-on-a-chip photonics [49].
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2 Theoretical Preface
The first chapter focuses on the theoretical and physical background of this work. Proceeding from the
fundamental differential equations of classical electromagnetism, all relevant equations describing the
propagation of light in layered systems of dielectric materials are derived in Section 2.1. The physics of
reflection and refraction lead to fundamental confinement concepts related to constructive and destructive
interference of electromagnetic waves in stratified media.
Optical waveguides facilitate in-plane propagation due to total internal reflection. Section 2.2 deals with
their mathematical description, including eigenvalue equations, field distributions, and gain evaluation.
A periodic perturbation of waveguide structures constitutes an important type of optical resonator based
on distributed feedback, where coupling mechanisms of resonant modes and their impact on the spectral
characteristics are effectively described by couple-mode theory. In contrast to these systems, vertical
cavities provide surface-normal confinement leading to distinct dispersion relations. The description of
the two microresonator structures, including general considerations of coupled resonator systems, is given
in Section 2.3.
As an indispensable component of a laser, the active material has to provide specific properties to allow
for optical amplification. Organic materials and their benefit for solid-state lasers are presented in the final
section of this chapter after a basic introduction into laser physics.
2.1 Electromagnetic Fields in Stratified Media
2.1.1 Maxwell Equations
The distribution of an electromagnetic field in space is classically described by two field vectors, the
electric field ~E(~r, t) and the magnetic field ~H(~r, t). The interaction of the field and matter requires the
introduction of a second set of field vectors: the electric displacement ~D(~r, t) and the magnetic induction
~B(~r, t). The space and time derivatives of these fields are related by a set four coupled partial differential
equations, known as Maxwell1 equations [50]:
∇ · ~D = ρf , (2.1)
∇ · ~B = 0, (2.2)








where free electric charge density ρf and the free electric current density ~jf are considered as sources of
electromagnetic radiation.
1James Clerk Maxwell, 1831-1879, Scottish physicist
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The description of an electromagnetic field interacting with a dielectric material characterized by the
permittivity ε and the permeability µ involves a second set of two equations. These relations are known as
constitutive or material equations and relate the vector fields from above with the polarization ~P and the
magnetization ~M of the medium. In the regime of linear optics, where the field strength is sufficiently low,
they are given by
~D = ε ~E = ε0 ~E + ~P, (2.5)
~B = µ ~H = µ0 ~H + ~M, (2.6)
where ε0 and µ0 are the permittivity and permeability of vacuum. In optical systems containing isotropic
materials, ε and µ, which are generally tensors of rank 2, can be treated as scalars.
Interface Conditions
Maxwell’s equations are defined in regions where these two parameters are continuous. In stratified media,
the interfaces of two layers constitute discontinuities which have to be addressed specifically. Let the
interface between two materials with different optical properties be aligned with the yz-plane. Gauss’s2
theorem states that the volume integral over the divergence of a vector field equals the flux out of the
integration volume. For the electric displacement ~D, the theorem can be written as follows [51]:
˚
δV
∇ · ~D dV =
¨
δS
~D d~S . (2.7)
Here, the integrals can be taken over the volume δV and the surface δS of a cylinder containing the
interface and oriented with its axis in x direction, i.e, δ~S 1 = δS 1 ~ex and δ~S 2 = −δS 2 ~ex. The dimensions
are sufficiently small to consider the vector field to have constant values ~D1 and ~D2 at the surfaces δS 1
and δS 2. In the limits of vanishing cylinder heights, the contribution of the lateral area approximates zero






where ρs is the surface charge density being the difference between the normal components of the electric
displacement at the interface of two different media. An analogous argumentation, considering the second






In contrast to the dielectric displacement, the normal component of the magnetic induction ~B shows
continuous behaviour.
To obtain the continuity properties of the interface tangential components of the electromagnetic, a line
integral can be taken along the surrounding of a small rectangle δS containing the material discontinuity.
2Johann Carl Friedrich Gauss, 1777-1855, German mathematician and physicist
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In this case, the Stokes3 theorem has to be applied. For the electric field ~E, it is given by [51]
¨
δS
∇ × ~E · dS =
ˆ
C
~E · d~l. (2.10)
In the limits of vanishing rectangle heights, only the surface parallel part contributes to the integral and
in combination with the Maxwell equations (2.3) and (2.4), one obtains the continuity properties of the











where ~js is the surface current density. While the interface parallel component of the electric field ~E is
continuous, the absolute difference of the tangential components of the magnetic field equals |~js|.
Wave Equations
Maxwell’s equations are a set of coupled equations relating the vectors of the electric and magnetic part
of the field. By manipulating these equations, one can obtain differential equations in which the different
field vectors appear separated.
This work focuses on optical systems containing homogeneous and isotropic materials with vanishing













In combination with the remaing Maxwell equations and the constitutive equations (2.5) and (2.6), one
obtains the wave equation for the electric field ~E:




Proceeding from the fourth Maxwell equation, the same considerations lead to the wave equation for the
magnetic field ~H:




The general solution of these functions can be expressed as a linear combination of monochromatic and
time-harmonic plane wave functions. For the electric and magnetic field, these simplest solutions are
given by














3Sir George Gabriel Stokes, 1819-1903, Irish physicist and mathematician
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The insertion of these solutions in the associated wave equation leads to the dispersion relation of photons,
where the magnitude of the wave vector k =
∣∣∣∣~k∣∣∣∣ and the angular frequency ω are related by the phase






















Here, c0 is the phase velocity of an electromagnetic wave in vacuum, µr = µ/µ0 and εr = ε/ε0 designate
the relative permeability and permittivity, and n =
√
µrεr is the refractive index of the material. Generally,
the propagation of photons in a medium is connected to material dispersion and absorption processes
which is mathematically taken into account by frequency dependent and complex material parameters
ε →
˜
ε(ω) = ε′ + iε′′, (2.19)
µ →
˜
µ(ω) = µ′ + iµ′′, (2.20)
n →
˜
n(ω) = n(ω) + iκ(ω), (2.21)
where κ is the extinction coefficient.
Polarisation
At this point, one still has to verify if the electric and magnetic plane wave functions satisfy all Maxwell
equations. For homogeneous and isotropic dielectrics, the insertion of equations (2.16) and (2.17) into the
equations (2.1), (2.2), (2.3), and (2.4) leads to the requirements of orthogonal field and wave vectors:
~E0 · ~k = 0 ⇒ ~E ⊥ ~k, (2.22)
~H0 · ~k = 0 ⇒ ~H ⊥ ~k, (2.23)
~k × ~E0 = ω~B0
~k × ~H0 = −ω~D0
 ⇒ ~E ⊥ ~H. (2.24)
The polarization of an electromagnetic wave is defined as the orientation of the oscillating field vectors. In
the simplest case of linear polarization, the field vectors of the electric and magnetic field lie in invariant
planes whose normal vector is perpendicular to the wave vector.
In stratified systems, where the material interfaces are oriented in the yz-plane, the refractive index is a




n(x). Due to the invariance of the system in y and z direction,
the amplitude vectors of an electromagnetic plane wave depend only on x as well. Without loss in
generality, its direction of propagation is assumed to be in the xz-plane:
~E(x, z, t) = ~E0(x) · exp [i (ωt − kxx − kzz)], (2.25)
~H(x, z, t) = ~H0(x) · exp [i (ωt − kxx − kzz)]. (2.26)
2.1. ELECTROMAGNETIC FIELDS IN STRATIFIED MEDIA 11















Here, the components of the x-dependent field vector amplitudes appear in two independent sets of three
equations. The first three equations (2.27), containing the components Ey, Hx, and Hz, describe plane
waves whose electric field oscillates in the yz-plane. These waves are called transverse electric (TE)
polarized waves. The remaining equations (2.28) with the components Hy, Ex, and Ez define waves with
transverse magnetic (TM) polarization.
Energy Conservation
Regarding any volume V with the surface δV and an arbitrary charge density distribution ρf , the require-
ment for electromagnetic energy conservation can be framed as follows: the sum of electromagnetic
energy contained within V , the time rate of energy flowing through δV , and the work done by the electric
fields on ρf has to vanish. In its differential form, it is given by [52]
∂U
∂t
+ ∇ · ~S + ~j · ~E = 0, (2.29)
where U is the energy density of the electromagnetic fields and ~S , known as the Poynting4 vector,





~E · ~D + ~B · ~H
)
, (2.30)
~S = ~E × ~H. (2.31)
Accordingly, Equation (2.29) is called Poynting theorem or continuity equation, representing the energetic
balance in electrodynamics. Since optical waves are connected to rapidly oscillating fields, it is often



























2.1.2 Reflection and Refraction
The interface conditions of the electromagnetic field vectors at material discontinuities are derived in
Section 2.1.1. Here, the situation is specified for a electromagnetic plane wave impinging on an interface
of materials with different optical parameters. As illustrated in Figure 2.1, such an optical wave can split
4John Henry Poynting, 1852-1914, English physicist
















Figure 2.1: Reflection and Refraction at the interface between two dielectrics with the refractive indices
n1 and n2. Electric field components with TE and TM polarization are indicated by ~E
(i)
TE and
~E(i)TM (i = 1, 2, 3).
into a refracted and reflected one. The material of the incident and reflected wave has a refractive index
n1 and will be referred to as inner medium. The refracted light propagates in the material, which has a
refractive index n2 and will be called outer medium.
The combination of Equations (2.16) and (2.11) lead to the dependence of the angles of refraction φ2 and
reflection φ3 on the angle of incidence and the refractive indices:
φ1 = φ3, (2.34)
n1 sin φ1 = n2 sin φ2. (2.35)
These equations are well known as the law of reflection (2.34) and Snell’s5 law of refraction (2.35), which
do not give any information about the field vector components of the waves involved. The derivation
of the ratios of transmitted, reflected, and incident wave requires the distinction between TE and TM
polarized plane waves. With these, a more detailed analysis of the interface conditions (2.8), (2.9), (2.11),











n1 cos φ1 − n2 cos φ2












n1 cos φ2 − n2 cos φ1
n2 cos φ1 + n1 cos φ2
, (2.37)
where the Fresnel coefficients tTE, rTE, tTM, and rTM are also known as the amplitude reflection and
transmission coefficients [53].
Figure 2.2a shows the dependence of their absolute values on the angle of incidence φ1 under external
reflection condition, i.e. n1 < n2. The transmission curves show the highest values for normal incidence
5Willebrord van Roijen Snell, 1580-1626, Dutch astronomer and mathematician
6Augustin-Jean Fresnel, 1788-1827, French engineer and physicist
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(a) (b) (c)
Figure 2.2: Absolute values of TE and TM Fresnel coefficients for (a) external and (b) internal reflection
as a function of the incident angle φ1. In the regime of total internal reflection (TIR), the
coefficients become complex-valued, as shown by (c) the phase shifts ∆Ψ between incident
and reflected wave.
and decrease steadily towards 0 in the limiting case of surface-parallel propagation. The TM polarized
reflection shows a peculiarity at the Brewster angle φB, where the intensity of the reflected part of the
wave vanishes.
The absolute values of the amplitude coefficients for the case of internal reflection, i.e. n1 > n2, are
depicted in Figure 2.2b. Here, the reflection coefficients show qualitatively the same course, however, their
absolute values reach unity already at the critical angle φC and stay constant for higher angles of incident.
In this regime of total internal reflection, which will be discussed below in detail, the Fresnel coefficients
become complex-valued magnitudes whose angular orientation in the complex plane are connected to
phase shifts ∆ψ between the incident, refracted and reflected plane wave. Their dependence on the angle
of incidence is demonstrated exemplarily in Figure 2.2c for the reflected part of the light. Under external
reflection configuration (left), its TE component experiences in general a phase shift of π, which also
holds for the TM component for an angle of incidence below φB.
In experiments, one usually measures intensities of electromagnetic radiation. Hence, it is useful to
identify the ratios of incident, transmitted, and reflected intensities leading to the reflectivity R and
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(a) (b)
Figure 2.3: Reflectivity R and Transmissivity T as a function of incident angle φ1 for TE (solid) and
TM (dashed) polarised waves in the case of internal reflection of a plane electromagnetic
wave with a wavelength of 630 nm at the interfaces between (a) Alq3:DCM and air, and (b)
Alq3:DCM and SiO2.
Total Internal Reflection
Up to this point, mainly the case has been considered in which Snell’s law (2.35) shows real solutions for
a given set of values n1, n2, and φ1. If the inner medium is optically denser (n1 > n2), this is not the case





Figures 2.3a and 2.3b show the reflectivity R and the transmissivity T as a function of the angle of
incidence φ1 of an electromagnetic plane wave in the situation of internal reflection at interfaces with
different sets of materials. According to Equation (2.40), φC the angular range of total internal reflection,
where 100 percent of the incident intensity is kept in the reflected wave, depends substantially on the
refractive index contrast. Although there is no energy flow into the second medium, the amplitude of the
transmitted wave does not vanish (see Figure 2.2b) and its electric field vector is given by




ωt − ~k2 · ~r
)]
(2.41)







(x cos φ2 + z sin φ2)
)]
(2.42)
In combination with Snell’s law (2.35) and considering that in regime of total internal reflection sin φ2




















2 φ1 − n22
]
, (2.43)
where λ0 is the vacuum wave length of the electromagnetic wave. Equation (2.43) shows that the
transmitted wave propagates horizontally and decays exponentially in x direction. The penetration depth
dp is defined as the distance to the interface, where the amplitude is equal to 1e times the initial amplitude










Figure 2.4: Schematic representation of diffraction of a plane wave at a one-dimensional grating with a







2 φ1 − n22
. (2.44)
If the exponentially decaying wave impinges on an additional interface to an optically denser medium,
energy can flow through the lower index barrier. This process is very similar to the quantum tunnelling
phenomenon and is known as frustrated total internal reflection (FTIR) [54, 55]. Since the penetration
depth (2.44) is in the order of magnitude of the wavelength, this penetration mechanism plays an important
role in multilayer thin film waveguides.
2.1.3 Grating Diffraction
This work focuses on optical resonators comprising periodic diffraction gratings. While distributed feed-
back lasers provide optical feedback and mode selectivity by Bragg diffraction, outcoupling mechanisms
in these devices are connected to diffraction on periodically perturbed interfaces. Although the precise
description requires the application of diffraction theory under consideration of the specific parameters of
the interface modulation, periodic systems can usually be simplified to an idealized grating [51], where an
equidistant distribution of scattering centers is aligned at the interface between two materials with the
refractive indices n1 and n2, as depicted in Figure 2.4.
Here, a plane wave with the wavelength λ is assumed to impinge on the grating under an angle φ1 with
respect to the normal. According to the Huygens-Fresnel Principle, each slit can be considered as a
source of a spherical wave. In a large distance, their wave fronts can be approximated by those of plane
waves under an angle φ2 with respect to the normal. The optical path difference between adjacent waves
depends on φ1, φ2, λ and Λ and leads to constructive or destructive interference. In the case of constructive
interference, the relation between those quantities is given by
Λ(n1 sin φ1 + n2 sin φ2) = m · λ (m = 1, 2, ...), (2.45)
where n1 and n2 are the refractive indices of the inner and the outer medium.













Figure 2.5: Schematic representation of a parallel plate waveguide with the core layer thickness d and a
corresponding cross-section of the refractive index distribution. The red line illustrates the
path of a guided beam with the propagation angle θ with respect to the z axis.
2.2 Waveguide Optics
2.2.1 Asymmetric Slab Waveguide
In general, optical fibers and waveguides can be divided conceptually into three parts: the core, the
bottom, and the top cladding. The most basic design is realized in the single-core slab waveguide that is
schematically shown in Figure 2.5. The claddings with the refractive indices n1 and n3 are assumed to be
the upper and lower half-spaces extended infinitely in x direction and limited by the interfaces to the core
layer with the thickness d and the refractive index n2:
n(x) =

n1 , if x < 0,
n2 , if 0 ≤ x ≤ d,
n3 , if x > d.
(2.46)
The confinement of guided modes is provided by total internal reflection and therefore the center layer has
to be made of the optically densest material of the system:
n2
!
> n1, n3. (2.47)
According to the spatial alignment of the stratified systems described in Section 2.1, the interfaces of the
waveguide depicted in Figure 2.5 are oriented in the yz-plane and the refractive index is a function of
the x coordinate as well. To obtain the eigenmodes of the slab waveguide, Equations (2.25)-(2.28) can
be applied here directly. Together with the wave equation (2.14) for Ey of the electric field, one obtains















7Hermann Ludwig Ferdinand von Helmholtz, 1821-1894, German physician and physicist
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The set of equations describing the relation between electric and magnetic field vectors of TM polarized
modes can be extracted analogously:
∂2Hy
∂x2











The z component of the wavevector can be geometrically related to the wave number k by the propagation
angle θ:
kz = k cos θ = nk0 cos θ = nk0 sin φ =: neffk0, (2.54)
where k0 = 2π/λ0 designates the vacuum wave number and neff is the effective refractive index entirely
defining the propagation of a monochromatic electromagnetic wave in an optical waveguide. As shown
in Figure 2.6, three regimes of waveguide modes can be distinguished [50]: guided modes undergoing
total internal reflection on both interfaces, substrate radiation modes decaying exponentially in solely one
cladding layer, and radiation modes with oscillating fields in all three regions. Combining the definition
of the effective refractive index with the requirement of total internal reflection, the three regimes can be
characterized as follows:
n1, n3 ≤ neff < n2 (guided modes), (2.55)
min{n1, n3} ≤ neff < max{n1, n3} (substrate radiation modes), (2.56)
0 ≤ neff < min{n1, n3} (radiation modes). (2.57)
The ansatz for the field vector amplitudes of a monochromatic wave contains the sum of two waves
propagating in positive and negative x direction. For TE modes, one has
E(l)y (x) = Al · exp [−iαl (x − xl)] + Bl · exp [iαl (x − xl)] (l = 1, 2, 3). (2.58)
In Equation (2.58), xl are the interface coordinates and αl are the propagation constants in x direction





eff (l = 1, 2, 3). (2.59)
In the regime of guided modes, it can be immediately seen that the propagation constants in the cladding
layers become imaginary and the amplitude functions exhibit exponential dependence on x with decay
constants γl = iαl (i = 1, 3). To ensure confinement of the electromagnetic radiation, the field has to decay







 =⇒ B1 = A3 = 0, (2.60)
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Figure 2.6: Electric field amplitude of TE polarized modes in a dielectric single-core slab waveguide
with a core layer thickness of d = 600 nm for three different regimes: (a) radiation mode
showing harmonic dependence in all three waveguide regions, (b) substrate radiation modes
experiencing total internal reflection solely at the interface to the optically thinner cladding
layers, and (c) guided mode undergoing total internal reflection on both interfaces. Without
loss of generality, the bottom cladding is assumed to be optically denser than the cover
(n1 > n3).







, if x <= 0,
A2 exp [−iα2x] + B2 exp [iα2x] , if 0 < x <= d,
B3 exp
[
γ3 (x − d)
]
, if d < x.
(2.61)










A2 exp [−iα2x] + B2 exp [iα2x]
B3 exp
[
γ3 (x − d)
]
, if x <= 0,
, if 0 < x <= d,










α2A2 exp [−iα2x] − α2B2 exp [iα2x]
−iγ3B3 exp
[
γ3 (x − d)
]
, if x <= 0,
, if 0 < x <= d,
, if d < x.
(2.63)
In a waveguide structure composed of perfect dielectrics, the tangential components of the electric and
magnetic field are both continuous at the interfaces, i.e. Ey(x
x<0









−−−→ 0) = Hz(x
x>0
−−−→ 0), and Hz(x
x<d
−−−→ d) = Hz(x
x>d
−−−→ d). The resulting system of
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equations can then be written as follows:

1 −1 −1 0
iγ1 −α2 α2 0
0 exp [−iα2d] exp [iα2d] −1








 = 0. (2.64)
This homogeneous system of equations is linear and shows nontrivial solutions if there are values of neff
for which M̃TE(neff) is a singular matrix defined mathematically by∣∣∣∣M̃TE(neff)∣∣∣∣ != 0. (2.65)
After some rearrangements and substitution of α2, γ1, and γ3, the determinant leads to the eigenvalue
equation for guided TE modes in a single core slab waveguide:
tan (α2d) =
α2 (γ1 + γ3)
α22 − γ1γ3
(2.66)
Proceeding from Equations (2.51)- (2.53), the eigenvalue equation for guided TM modes can be derived
with analogous argumentation that leads to a similar system of equations defining the matrix M̃TM(neff)
















Figure 2.7 shows graphical representations of Equations (2.66) and (2.67) which are transcendental and
therefore have to be solved numerically. Depending on the design parameters of the waveguide, an
asymmetric waveguide can either support zero, one, or multiple solutions for each polarization state. In
the diagrams, the wavelength and refractive indices of the materials are kept constant, while the core
layer thickness d is varied with three different values chosen examplarily for these regimes. For a given
set of TE or TM eigenvalues, the indices describing the order of the waveguide mode are numbered
consecutively from higher to lower effective refractive indices. So, Figure 2.7b shows the eigenvalues
of the fundamental TE0 and TM0 modes and in Figure 2.7c, the markers point to the effective refractive
indices of the TEm, and TMm (i = 0, 1, 2) modes.
The critical values of the core layer thickness dTEmC and d
TMm
C , defining the lower limits of d for the
existence of a mode TEm and TMm. Without loss of generality, the bottom material is assumed to be
optically denser than the cladding (n1 > n3) and the limiting case is constituted by neff = n1. Considering
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(a) d = 80 nm (b) d = 270 nm (c) d = 950 nm
Figure 2.7: Graphical representation of the transcendental eigenvalue equations (2.66) and (2.67) for
guided TE and TM modes. The left-hand side of these equations f1(neff) = tan (α2d) is shown
in black. The right-hand sides are shown in red for TE ( f TE2 (neff) = α2(γ1 + γ3)/(α
2
2 − γ1γ3))















tions indicated by markers in the respective colors show solutions defining the propagation
characteristics of guided modes in a single core slab waveguide with the following parameters:
n1 = 1.45, n2 = 1.70, n3 = 1.00, λ = 630 nm.




































+ m · π
 . (2.69)
The derivation of Equations (2.66)- (2.69) is only valid for idealized materials with vanishing extinction
coefficients. In reality however, materials have complex-valued optical properties leading to complex
effective refractive indices. In addition, the waveguide structures investigated in this work comprise more
than three layers and their characterization requires a more sophisticated mathematical description being
derived subsequently.
2.2.2 Multilayer Waveguide
In order to calculate the propagation constant and dispersion relations in a multilayer waveguide, different
approaches can be implemented. Some of them include a finite difference method [56] or a perturbation
analysis [57]. In some cases, especially in structures with mirror symmetries, it is also possible to
transform the structure into equivalent but simpler systems [58]. Mostly, an algorithm based on a transfer-
matrix method is applied, to finally solve the dispersion characteristics for multilayer waveguides [59, 60].
A very comprehensible description of such a problem was described by Schlereth and Tacke [61] and will
be presented here.
The multilayer slab waveguide, as schematically shown in Figure 2.8, comprises N layers of dielectric
materials with the complex refractive indices
˜
nl and the thicknesses dl (l = 1, 2, ...,N). The interfaces



























Figure 2.8: Schematic representation of a multilayer waveguide structure with N layers, the refractive
indices
˜
nl, the x positions of the interfaces xl, and the corresponding film thicknesses dl
(l = 1, 2, ..,N).
between between the layers are parallel to the xz-plane with the vertical coordinates xl (l = 1, 2, ...,N − 1).





n1 , if x < x1,
˜
nl , if xl < x < xl+1 (l = 2, 3, ...,N − 1),
˜
nN , if x > xN .
(2.70)




< max {n2, n3, ..., nN−1}. (2.71)
None of the properties described here contradicts to the arguments that led to the Helmholtz equations and
field vector relations (2.48)-(2.53) for TE and TM modes. The ansatz (2.58) for the electric field amplitude
of a TE polarized mode can therefore be applied here as well and leads to the following electromagnetic
components:




αl (x − xl)
]




αl (x − xl)
]
(l = 1, 2, ...,N), (2.72)








αl (x − xl)
]




αl (x − xl)
])
(l = 1, 2, ...,N), (2.73)








αl (x − xl)
]




αl (x − xl)
])
(l = 1, 2, ...,N), (2.74)
where the propagation constants
˜
αl are defined analogously to (2.59) and complex-valued refractive indices
˜
n j are taken into account. The continuity conditions (2.11) and (2.12) for tangential field components Ey
and Hz at the interface between perfect dielectrics yield
E(l)y (x = xl+1)
!
= E(l+1)y (x = xl+1) (l = 1, 2, ..,N − 1), (2.75)
H(l)z (x = xl+1)
!
= H(l+1)z (x = xl+1) (l = 1, 2, ..,N − 1). (2.76)
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Having inserted the amplitude functions (2.72) and (2.74), these boundary conditions lead to a system of
linear equations relating the coefficients Al, Bl, Al+1, and Bl+1 of adjacent layers (l = 1, 2, ...,N − 1). After
some rearrangements, the result can be written in matrix form. ˜Al+1
˜
Bl+1












The components of the transfer matrix
˜̃





































































where the thickness dl of layer l is defined as
dl = xl+1 − xl (l = 1, 2, ...,N − 1). (2.82)
In the Equations (2.72)-(2.74), the amplitude functions Ey, Hx, and Hz of each layer is mathematically
connected to an interface xl. Since there are only N − 1 interfaces in a N-layer structure, the fields of two
adjacent layers have to be related to the same interface. Here, the lowest interface is chosen by x1 = x2
(see Figure 2.8) which formally sets the thickness of the substrate layer, although it is extended infinitely,
to zero.
In the case of TM modes, the approach is performed analogously. In consideration of a slightly different
field vector relation (2.53), the procedure leads to the components of the transfer matrix
˜̃














































































To derive the eigenvalue equation for the multilayer waveguide, the boundary conditions have to be
applied. For that reason, the amplitudes of the substrate (l = 1) and the cover (l = N) have to be related by
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successive application of (2.77). ANBN

























In the regime of guided modes, the fields in the substrate and cover have to be evanescent. Analogously to
(2.60), one coefficient for each of the two cladding layers has to be set to zero and Equation (2.87) can be
simplified by dropping the redundant coefficients of the transfer matrix
˜̃
TWG. 0BN
 = ˜̃TWG ·
 A10




 ·  A10
 =  ˜tWG11
˜
tWG21
 · A1 (2.88)
Here, two equations are included. The bottom one relates the coefficients of the evanescent field amplitudes
in the claddings and the first is the necessary condition for the existence of guided waves. Considering the
dependence on the effective refractive index neff , the eigenvalue equation of the N-layer waveguide can be
written in the form
˜
tWG11 (˜
neff) = 0. (2.89)
Even though Equation (2.89) seems to be trivial at the first glance, its left-hand side is in general a
complex-valued function of a complex variable. In this work, a root finding algorithm similar to the one









is searched for local minima which include the roots of (2.89) and arguments for which (2.90) does not
vanish. For the second set of results, the boundary conditions for guided modes leading to (2.88) are not
satisfied anymore. In this case, these minima represent the substrate radiation modes which do not show
evanescent character in the optically denser cladding layer.
The derivation of the matrix
˜̃
Tl is very similar to an approach of a transfer-matrix method, where an
interface matrix
˜̃
Il and a propagation matrix
˜̃
Pl is defined using the Fresnel coefficients (2.36) and (2.37),
as follows [63]: Al+1Bl+1
 = ˜̃Il · ˜̃Pl ·
 AlBl
 = 1tl,l+1
 1 rl,l+1rl,l+1 1
 ·  exp [−iδl] 00 exp [iδl]
 ·  AlBl
 , (2.91)
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where δl = αldl is the phase shift a wave acquires while propagating through layer l. With Equations (2.54)







In the regime of radiation modes (neff < min {n1, nN}), the formalism can be applied to the situation
of a plane wave incident from the bottom of the multilayer stack. In this case, BN has to vanish and
















2.2.3 Confinement and Modal Gain
Once the effective refractive index
˜
neff = neff + iκeff of a waveguide mode has been found, the entire field
distributions and propagation characteristics are defined. For waveguides comprising materials with loss
or gain, this value is usually complex and the attenuation or amplification of the propagating fields is
characterized by the absorption coefficient amod or the gain coefficient gmod [64]
amod = −gmod = −2k0κeff . (2.94)
The power distribution of guided modes is of particular importance in optical waveguide design, e.g. in
the field of active waveguides where the refractive indices of specific layers in the structure exhibit a
positive imaginary part. To obtain the confinement properties of propagating fields in a waveguide, one
has to start with the time-averaged Poynting vector (2.33). The in-plane energy flow is here of particular




|〈S z〉| dx´ ∞
−∞
|〈S z〉| dx
(l = 1, 2, ...,N), (2.95)
where S z is the z component of the Poynting vector. To ensure validity of (2.95) for every layer, the
interface coordinates have to be slightly modified by setting x1 to −∞ and introducing xN+1 = ∞. The












∣∣∣Hy(x)∣∣∣2 dx . (2.97)
For TE modes, assuming weak refractive index contrast (i.e. neff ≈ nl), the relations between the modal






















Figure 2.9: Schematic representation of a periodically corrugated waveguide structure comprising N
layers with the refractive indices
˜
nl (l = 1, 2, ...,N). The interfaces are equally perturbed with
the corrugation height h and the periodicity Λ.
where gl = 2k0nl is the material gain of layer l. Equation (2.98) shows that the modal gain of TE
resonances is proportional to the percentage of the power propagating in the amplifying layers of active
waveguide structures with negligible losses. In the case of TM polarized fields, however, the corresponding
relation is extended by a second term that is connected to field discontinuities at the interfaces of the



























∣∣∣Hy(x)∣∣∣2 dx . (2.99)
As a consequence, the modal gain of TE and TM modes with comparable intensity distributions can show
very different extinction properties. Visser et al. showed that a modified definition of the TM confinement













Up to this point, solutions for the eigenmodes in the planar dielectric slab waveguide have been considered.
Without any perturbation, confined modes are guided along the propagation axis independently of each
other due to the translation invariance of the structure in z direction. Provided the permittivity ε does not
only depend on x anymore and a dielectric perturbation ∆ε(x, z) is introduced, this is not valid anymore
and the eigenmodes are coupled with each other, e.g. by imperfections, tapered layer designs, or surface
corrugations [50].
Periodically perturbed waveguide structures are fundamental constituents in integrated optical devices,
such as input/output couplers [67], polarization splitters [68], focusing grating couplers [69], grating
lenses [70], mode converters [71], and wavelength filters [72]. The resonator systems of this work
comprise active waveguides with periodic surface corrugations, as schematically shown in Figure 2.9,
where the dielectric layers are deposited on a periodically corrugated substrate with the corrugation height
h and the periodicity Λ.
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Coupled-Mode Theory
To describe electromagnetic field propagation in periodic waveguide system, two approaches are generally
used: the Bloch-Floquet formalism, where the symmetries of the system are transferred to the solutions
of the wave equation, and the coupled-mode theory [50, 73]. In the latter one, the dielectric function
consists of an unperturbed part ε0 and a periodically varying term ∆ε considered as a small perturbation
that provides the coupling mechanism between the normal modes of the planar waveguide [74]. In







and the Helmholtz equation for the electric field vector of the electromagnetic wave in the altered structure





 ~E = 0. (2.103)
The solutions of the normal modes of the unperturbed structure (∆
˜
ε = 0) are derived above in Section 2.2.2
and we can act in the assumption that their electromagnetic field vectors are already known:
~Em(x, z, t) = ~E
(m)







~Hm(x, z, t) = ~H
(m)







where m is the mode subscript that can either be continuous (radiation modes) or discrete (guided modes).









 ±δmn (guided modes),±δ(m − n) (radiation modes), (2.106)
where δmn stands for the Kronecker8 delta and δ(m − n) denotes the Dirac9 delta function. An arbitrary
electromagnetic field propagating in the unaltered structure can then be expressed as a linear combination
with constant coefficients. However, these fields are no longer eigenmodes of the altered waveguide
structure, where the perturbation part of the dielectric function (2.102) has to be taken into account. In
this approach, the electromagnetic field vectors are expressed as an expansion in the normal modes whose




Cm(z)~Em(x, z, t). (2.107)












∆ε(x, z)Cn(z)~En(x, z), (2.108)
8Leopold Kronecker, 1823-1891, German mathematician
9Paul Adrien Maurice Dirac, 1902-1984, English physicist
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where the second derivatives of the coefficients are neglected in consideration of a small perturbation
and slow variation of the mode amplitudes. Having taken the scalar product of Equation (2.108) with
the conjugate-complex of the electric field and integrated over x, the orthogonal relation (2.106) can be
























m · ∆ε(x, z)~En dx. (2.110)

































Here, the coefficients κ(l)mn describe the coupling efficiency between the m-th and n-th mode due to the
l-th Fourier component of the perturbation. Equation (2.112) represents a set of coupled differential
equations involving a large or even infinite number of amplitudes Cm, which makes their evaluation
very complicated. However, there is a condition which reduces the amount of participating modes to
the number of two [50, 75]. This condition of resonant coupling, which is of fundamental importance in
distributed-feedback resonators, is called longitudinal phase matching or Bragg condition:
kz,m − kz,n − l
2π
Λ
= 0 (l = 1, 2, ...). (2.113)
2.3 Optical Microresonators
One of the three essential ingredients of any laser system is its optical resonator structure providing positive
optical feedback and control of the emission wavelength. The resonator’s design, its quality and material
composition influence key properties such as lasing threshold, slope efficiency, and output power. The
optical confinement can be provided either by total internal reflection, as it is realized in waveguide-based
resonators, or by higly reflective mirrors, such as in Fabry-Pérot10,11 cavities. In microresonators, these
mechanisms trap the laser modes within a small volume on microscale.
Two of the numerous types of microresonators, being in the focus of this work, are the distributed-feedback
laser and the vertical-cavity surface-emitting laser, which will be discussed in the following two sections.
Subsequently, principles and properties of coupled resonators will be introduced.
10Maurice Paul Auguste Charles Fabry, 1867-1945, French physicist
11Jean-Baptiste Alfred Pérot, 1863-1925, French physicist
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2.3.1 Distributed Feedback Resonator
The distributed-feedback resonator is the combination of a waveguide structure with spatially extended
Bragg diffraction along the propagation axis of guided modes, as it can be realized in a periodic waveguide
structure that is discussed above. If a single mode with the wave number kz,1 is excited in such a
waveguide, it is partially reflected at the Bragg planes of the grating. Thus, two contradirectional modes





(m = 1, 2, ...). (2.114)
which is the Bragg12 condition in its well-known formulation. Often, the periodicity Λ is related to the




(m = 1, 2, ...). (2.115)
In Equations (2.114) and (2.115), the integer number m defines the order of the DFB resonator with
respect to the wavelength λ0, which has fundamental impact on the confinement properties of the structure.
As mentioned in Section 2.1.3, the periodic perturbation does not only act as a volume grating in the
Bragg regime. Propagating waves, impinging on the interfaces of the structure, see also a thin grating [76],
whose condition for constructive interference is given by Equation (2.45). In combination with the Bragg











where l denotes the diffraction order and nout is the refractive index of the surrounding material. From
Equation (2.116), it can be immediately seen, that the first-order diffraction of a second-order DFB always
points in surface-normal direction.
To obtain the resonant modes, the Bragg condition has to be substituted into the eigenvalue equation (2.89)
of the corresponding planar waveguide structure.
Index and Gain Coupling
As mentioned above, the coupling between a propagating DFB mode and its back-reflected counterpart is
of key importance in this type of resonator. It can be shown that in the vicinity of the Bragg wavelength,
only two amplitudes in the coupled-mode equations (2.109) are synchronized in phase and the contribution
of the remaining terms can be neglected [50]. In this case of resonant coupling, solutions are of the form
E(z) = C1(z) exp [−ikBz] + C2(z) exp [ikBz], (2.117)
where kB = π/Λ is the Bragg wave number. The simplest way to describe such a system can be realized
in a one-dimensional approach, as was done by Kogelnik and Shank [77]. Here, the perturbation is
12William Lawrence Bragg, 1890-1971, and his father William Henry Bragg, 1862-1942, British physicists
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(a) (b)
Figure 2.10: Dispersion diagram for (a) index and (b) gain coupling calculated for the case without
average loss or gain. The left figure shows a stop band around the Bragg frequency ωB, while
the right dispersion relation is splitted in k-space. In both scenarios, the stop band width is
proportional to the absolute value of the coupling coefficient κ.
introduced as a harmonic variation of the refractive index n and the gain α of the laser medium as follows:
n(z) = n + n1 cos 2kBz, (2.118)
α(z) = α + α1 cos 2kBz. (2.119)
Applying a small gain and weak perturbation approximation [78], the definition of the coupling coefficient










where λB is the wavelength associated with the Bragg wave number kB. In addition, the condition of small
disturbances is connected to the assumption of slowly varying amplitudes C1 and C2. Having substituted
the ansatz (2.117) in the Helmholtz equation, the second derivatives can be neglected and the method of




+ (α − i∆kz) C1(z) = iκC2, (2.121)
dC2
dz
+ (α − i∆kz) C2(z) = iκC1. (2.122)
Here, ∆kz is the deviation from the Bragg wave number kB, given by
∆kz = kz − kB. (2.123)







Figure 2.11: Schematic diagram of a one-dimensional distributed feedback structure with the resonator
length L, the facet reflectivities ρ1 and ρ2 and the output power P1 and P2 of left and right
travelling waves E1 and E2
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There are two limiting cases defining the regime of index and gain coupling. In the first scenario,
when α1 = 0, the coupling coefficient is real and the contradirectional coupling is solely caused by the
modulation of the real part of the dielectric function. Figure 2.10a shows the corresponding dispersion
relation, where a stop band can be observed around the Bragg frequency ωB. The distance of the two
modes at the edges of the stop band is proportional to the coupling strength of the DFB [77]. In the second
regime, the coupling coefficient is imaginary as a result of pure gain modulation. In this situation, the
degeneracy is lifted in k-space around the Bragg wave number kB, as can be seen in Figure 2.10b.
Emission Spectrum
In this part, an analysis of the spectral behaviour below the threshold in DFB lasers will be presented. In
most cases, a transfer matrix algorithm based on the coupled mode equations is used [79–82]. Two of the
different approaches are the Green’s function method [83] and the multiple reflection method [81, 82],
which will be discussed here.
In order to describe spectral properties of DFB resonances, additional boundary conditions have to be
introduced. The spatial extent of the resonator is therefore assumed to be limited in x direction from 0 to
L, as shown in Figure 2.11. In consideration of resonant coupling, the electric field is described by (2.117)
as the sum of two counterpropagating fields E1(z) = C1(z) exp [−ikBz] and E2 = C2(z) exp [ikBz]. The
relation of the field amplitudes at two different positions z and z0 (0 < z, z0 < L) can then be written in
matrix form as [80]  E1(z)E2(z)
 =  T11(z − z0) T12(z − z0)T21(z − z0) T22(z − z0)
  E1(z0)E2(z0)
 . (2.127)
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The components of the transfer matrix in Equation (2.127) are given by [81]






















= −T21(z − z0),












where the quantity Γ is given by
Γ =
−iκ
γ + α + i∆kz
. (2.129)
According to [81], the spectral output power density of the emission at the right facet of the distributed
feedback resonator at z = L can be calculated with the following integral:




|T22(z) + ρ1T21(z)|2 + |T12(z) + ρ1T11(z)|2
|T22(L) + ρ1T21(L) − ρ2T12(L) − ρ1ρ2T11(L)|2
dz. (2.130)
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This approach can also be used to describe structures of higher complexity, such as multisectioned DFB
lasers with arbitrary phase shift in the corrugation profile. Since structures like these were not investigated
in this work, the description of that part will be skipped here.
Coupling Coefficients
One of the most important aims of coupled-mode theory is the analysis of coupling efficiencies affecting
the degree to which coupled modes transfer electromagnetic energy among each other. In addition to the
impact on the emission characteristics, appearing as stop-bands in the dispersion relations, the coupling
strength has a fundamental influence on the performance of distributed-feedback lasers [77, 84, 85].
The definition of the coupling coefficient (2.120), derived by Kogelnik and Shank [77], is extracted from a
one-dimensional approach with harmonic variation of the optical properties of the laser medium along
the propagation axis. Proceeding from Equation (2.110), the spatial corrugation of interfaces can be
taken into account. Usually, the materials are homogeneous and isotropic dielectrics which are optically
characterized by their refractive indices. It is therefore convenient to divide Equation (2.102) by the







32 2. THEORETICAL PREFACE
Figure 2.12: (a) Corrugation profile of a periodically perturbed interface between two materials with the
refractive indices n1 and n2. The interface coordinate xl is chosen such that the regions R1
and R2, where the function ∆n2(x, y) deviates from 0, are of identical area. (b) Two examplary
plots of ∆n2(xi, z) for the vertical coordinates xi (i = 1, 2).
In consideration of a single corrugated interface between two materials with the refractive indices n1 and












1 , in region R2,
0 , elsewhere.
(2.133)
It has been shown that accurate results can be obtained, when the interface coordinate xl is chosen such
that the areas of R1 and R1 are of the same size [86, 87]. Being periodic in z, ∆n2(x, z) can be expanded in

























The situation depicted in Figure 2.12 is the simplest case of a Λ-periodic modulation, where the interface
curvature can be described by two functions f1(x) and f2(x) within one period, a monotonically increasing
and a monotonically decreasing one. If more sections of positive and negative slopes were involved, the
domain would have to be decomposed in multiple pairs of curvature segments. Having calculated the
































, if xl < x < xl + h2,
0 , otherwise,
(2.136)
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As discussed in Section 2.2.4, the asynchronous terms can be neglected when the Bragg condition (2.114)
is satisfied. In consideration of a TE mode at resonance







(m = 1, 2, ...), (2.138)
the z dependence in Equation (2.110) vanishes and the final result, describing the coupling efficiency
























]) ∣∣∣∣~Ey(x)∣∣∣∣2 dx. (2.139)
2.3.2 Vertical Cavities
The vertical-cavity (VC) laser is a Fabry-Pérot type resonator that comprises two coplanar mirrors
enclosing the optically active material. The mode selectivity in this structure is described by the resonance





(m = 1, 2, ...). (2.140)
In vertical cavities, whose dimensions are in the order of magnitude of the wavelength of the light, the
behaviour of light and excited states can be altered drastically [88]. Effects, such as the enhancement
of spontaneous emission rates, are strongly dependent on the lifetime of resonant photons in the cavity






While the vertical confinement leads to a quantized vertical component kx of the wave vector, the invariance
of the VC under any translation in the yz-plane implicates a continuous spectrum of in-plane components



















where the last approximation is valid for small propagation angles with respect to the vertical axis.
Distributed Bragg Reflector
To obtain high quality cavities, mirrors with low intrinsic material absorption and exceptionally high
reflectivity are indispensable. Distributed Bragg reflectors (DBRs), also known as dielectric mirrors, are
deposited as a multilayer thin film stack of periodically alternating λD/4-layers of materials with different
refractive indices n+ and n−, where the outermost layers are made of the optically denser material. In this
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(a) (b)
Figure 2.13: Calculated transmission spectra of DBRs comprising N alternating layers of TiO2 and SiO2
on a glass substrate at a design wavelength of 630 nm (N = 5, 11, 19, 21). While the stop band
is already well pronounced for N > 10, the maximum reflectivity still increases considerably
with the number of films and exceeds 99.9 % for 21 mirror layers, as can be seen in the
logarithmic plot.
design, the highest reflectivities are achieved for electromagnetic waves whose wavelength matches the
design wavelength λD.
The working principle of a DBR is based on constructive interference of the reflected and destructive
interference of the transmitted light and can easily be understood in consideration of Section 2.1.2, where
the reflection and transmission of an electromagnetic plane wave at the interface between two dielectric
materials is discussed. If an electromagnetic plane wave with the wavelength λd incident on an interface to
the optically denser material, the reflected wave undergoes a phase shift of π (see Figure 2.2c), while the
transmitted wave is partially reflected at the subsequent interface to the material with the lower refractive
index without any phase change. While propagating back and forth through the layer, this wave acquires a
phase of π leading to constructive interference with the wave reflected at first. Analogously, one obtains a
phase difference of 2π between a wave being initially reflected at the interface to the optically thinner
layer and the part that is reflected at the adjacent interface to the material with the higher refractive index.
As a result, a photonic stop band of low transmittance develops around the design wavelength. The
spectral width ∆λ of this region substantially depends on the refractive index contrast of the materials












The maximum reflectivity for DBR of N mirror pairs in the case of normal incidence of a plane wave at
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Figure 2.14: (a) Schematic illustration of a VCSEL, where the cavity layer (nC, dC) is deposited between
two dielectric mirrors. The thicknesses d+ and d− of the DBRs correspond to the quarter
design wavelength, which defines the spectral position of the region of high reflection. The
cavity constitutes a defect in the periodic structure, leading to a resonance inside the stop band.
While kx of a resonant mode is set by the layer structure, the surface-parallel component kz
is not confined. (b) Calculated transmissivity (logarithmic scale) of a VCSEL as a function
of the cavity layer thickness dC. Close to the center of the stop band, the cavity modes Ci
(i=1,2,3) show an almost linear dependence.
where ns and nc are the refractive indices of the substrate and the top cladding. As can be seen from
Equation (2.144), the reflectivity rapidly increases with the factor n+/n− and the number of mirror pairs
N. In case of negligible losses, the optical properties of dielectric mirrors can be varied arbitrarily in a
wide range (see Figure 2.13), offering a high flexibility when employing these mirrors in optical devices.
Vertical-Cavity Surface-Emitting Laser
In the vertical-cavity surface-emitting laser (VCSEL), an optically active material is encased by two
dielectric mirrors forming a defect in the periodic system (see Figure 2.14a). If the optical thickness
dCnC of this layer would match the optical thickness of a DBR layer, the entire structure would act as
a pure dielectric mirror. Usually, the optical thickness of the cavity is designed to match a multiple of
λD/2. In this case, the situation for constructive interference of reflected and destructive interference of
transmitted waves, described above, is interchanged at the interfaces to the cavity and a resonance of
increased transmission occurs at the design wavelength in the center of the DBR stop band. For different
values of dC, the system is in intermediate state between mirror and perfect Fabry-Pérot configuration. As
shown by Figure 2.14b, a resonance with the wavelength λC occurs at the higher energy edge of the stop
band and is shifted towards the higher wavelength boundary for increasing active layer thicknesses. Even
though the relation between wavelength and cavity layer thickness does not show strict proportionality,
Equation (2.140) shows a good agreement in the vicinity of the design wavelength.
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2.3.3 Coupled Resonators
In Section 2.3.1, a specific case of mode-coupling between two counterpropagating waves inside a DFB
resonator is described. However, there are numerous optical systems, in which resonant fields can show
coherent interaction. Since every resonator structure leads to some field penetration of optical modes
through the barriers contributing to their confinement, these fields may couple to modes of adjacent
resonator structures. In microresonators based on waveguide structures, the coupling can be mediated
by the exponential decaying field in the cladding, as it is realized in optical ring resonators or coupled-
resonator optical waveguides [90, 91]. Vertical cavities can for example be coupled along the optical axis
in a cascaded geometry, where the energy between the two resonators is transferred through the mirror
separating the cavities [47].
In general, when the two resonators emit at the same energy, degeneracy can be lifted off if specific
requirements are met. In this case, the simplest description is realized by Hamiltonian of a coupled
two-level system that can be written in matrix form as follows [92]:
H =
 E1 VV E2
 , (2.145)
where E1 and E2 are the eigenenergies of the uncoupled resonant modes and V designates the coupling
potential of the system. The diagonalization ofH via the time-independent Schrödinger equation leads








+ |V |2. (2.146)
Even though this model can be effectively employed to describe dispersion relations of coupled sys-
tems [92], it cannot be readily used to analyze the impact of coupling efficiencies and loss mechanisms
which are critical parameters in coupled microresonator structures.
A classical description of coupled oscillators, involving the coupling coefficient q and the quality factor Q,
is given by Bliokh et al. [93]. This approach proceeds from the eigenmode fields
Ψi(~r, t) = χi(~r)ψi(t) (i = 1, 2) (2.147)
of the two identical resonators with the resonant frequency ω0. The first resonator is assumed to be





















+ ψ2 = qψ1 (2.149)
Looking for steady-state solutions, the ansatz can be written as
ψi = Ai exp [iωt] (i = 1, 2), (2.150)
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In a system without dissipation, where the losses are entirely determined by the field leakage, the
transmission coefficient T is given by the square of the absolute value of A2 [93]. In the assumption of
low losses (Q−1  1) and weak coupling (q  1), further analysis of the corresponding Equation (2.152)










Equation (2.153) implies a threshold condition separating two regimes of coupling. If qQ < 1, the
system is degenerate with only one peak in the transmission spectrum. However, if the factor qQ exceeds
unity, the degeneracy is lifted off and the resonant frequencies are shifted from the eigenvalue ω0 of the
decoupled resonators.
2.4 Organic Microlasers
In Section 2.3, microresonator structures and confined modes including their dispersion and coupling
characteristics have been discussed. An additional and indispensable part of a laser is the active medium,
where a pump mechanism creates excited states which lead to an amplification of a resonant wave by
stimulated emission13. To overcome the threshold to the regime, where this process dominates, two main
conditions have to be satisfied: the population of electronic states of the laser material has to be inverted
and the amplification has to exceed the attenuation by losses. Below, these requirements will be derived
and discussed for electronic systems of different complexities. Being in the focus of this thesis, organic
solid-state materials, their properties, features, and role in laser physics are described thereafter.
2.4.1 Laser Fundamentals
In quantum physics, an electronic transition is the transfer of an electron between different energy levels,
e.g. atomic or molecular states. The simplest system, where the fundamental interaction processes between
electromagnetic radiation and matter can be described, is the two-level system, shown in Figure 2.15. It
consists of a ground state |E1〉 and an excited state |E2〉, which are the only permitted energy levels an
electron can occupy.
In the case of spontaneous emission, the two-level system is initially in the excited state and the emission
process takes place irrespective of incident radiation. The triggering mechanism behind this process is
explained by quantum electrodynamics, leading to the existence of a zero-point energy at the ground state
of the electromagnetic field in vacuum [94]. Fluctuations of this vacuum-field are randomly distributed
13laser: acronym for light amplification by stimulated emission of radiation














Figure 2.15: Fundamental mechanisms of light-matter interaction in a two-level system. The processes of
(b) absorption and (c) stimulated emission are induced by the incident photon, while (a) spon-
taneous emission is triggered by statistically distributed fluctuations of the electromagnetic
vacuum-field.
and lead to a statistical variation of the photon properties, such as propagation direction and emission
time. The spontaneous emission lifetime τsp is defined as the time after a popolution of excited states is
decayed to 1/e times the original value. In free space, its inverse equals the spontaneous emission rate Γ0
that can be altered substantially in microresonator structures [95–98]. In consideration of an optical mode
with the wavelength λ, the quality factor Q, and a mode volume V , its radiation rate ΓC is related to the





As shown in Figure 2.15, the two remaining processes of absorption and stimulated emission are induced
by an external electromagnetic field. If the ground state |E1〉 is occupied, a photon can be absorbed if its
frequency ν corresponds to the transition energy as follows:
hν = E2 − E1. (2.155)
As a consequence, this process leads to attenuation of a light wave propagating through a population
of relaxed states. If the quantum-mechanical system is already excited, an incident photon can induce
an emission process, where the transition energy is transferred to a second photon with identical phase,
frequency, polarization, and propagation direction as the incident photon. To achieve the amplification of
an optical field, this radiation mechanism has to be the dominant one in the active medium of a laser.
Given an electromagnetic field propagating in a system of N1 relaxed and N2 excited states, the transition










































Figure 2.16: Schematic representation of a four-level system. Very short lifetimes τ32 and τ10 lead to
efficient population inversion.
where ρν is the spectral energy density of the external field. A21, B12, and B21 are the Einstein14 coefficients
which are a measure of the probability of the corresponding transition. On the assumption of a system with
non-degenerate energy levels in thermodynamic equilibrium, where the statistics of occupation numbers
are described by the Maxwell-Boltzmann distribution, these coefficients are related by [53]





As can be seen from Equation (2.159), stimulated emission and absorption are inverse processes with the
same cross sections. Therefore, the requirement of amplification of electromagnetic radiation leads to the
condition of population inversion that reads for non-degenerate systems as
∆N = N2 − N1
!
> 0. (2.161)
On the other hand, the inverse process of the spontaneous emission does not exist [100] and the subscript




= −(A + 2 ∗ Bρν)∆N − AN, (2.162)
where N = N1 + N2 = const is the total number of states. The stationary solution of (2.162) shows
immediately that the number of relaxed states always exceeds the number of excited states and condition
(2.161) cannot be satisfied in a two-level system under aforementioned conditions. In optical pumping,
population inversion can only be achieved in quantum systems with at least three energy levels [101].
A very efficient system is the four-level laser, as schematically shown in Figure 2.16. Here, the pump
mechanism (from |E0〉 to |E3〉) and the laser transition (between |E1〉 and |E2〉) are realized over two
distinct pairs of energy levels. On the assumption of very short relaxation times τ32 and τ10 in comparison
to the spontaneous emission time of the laser transition τsp, the population numbers of |E1〉 and |E3〉 are
negligible and population inversion of the laser transition is readily achievable.
14Albert Einstein, 1879-1955, German physicist
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In consideration of the altered spontaneous emission rate of an optical mode in a microresonator, the
corresponding rate equations can be written as [102, 103]
dN2
dt
= Rp − (1 − β)Γ0N2 − βΓC(1 + q)N2 − ΓN2, (2.163)
dq
dt
= βΓC(1 + q)N2 − γq, (2.164)
where q is the photon number, Γ is the population loss rate due to non-radiative processes, and γ designates
the inverse lifetime of a photon in the resonator. The factor β is the ratio of the spontaneous emission rate
into the laser mode and the spontaneous emission rate into any mode of the optical structure [104]. The
steady-state solutions of Equations (2.163) and (2.164) yield
q = (2γ)−1
Rp − (1 − β)Γ0 + Γβ − γ +
√(
Rp −






Even though these equations describe the laser dynamics in 4-level microresonators very accurately, a
simplified model with less parameters would be desirable to fit laser characteristics obtained experimentally.
An approach by Rice and Carmichael [105] involves the definition of two parameters: the cavity decay
rate γ̃, that contains all losses of the systems, and the factor β̃, which is here defined as the fraction of
spontaneous emission directed into the laser mode. The final result that is used to fit lasing characteristics
in this work is given by
q = (2γ̃)−1








2.4.2 Organic Materials as Active Medium
Organic materials are substances whose molecules are built up on hydrocarbon skeletons and a few
heteroatoms, such as nitrogen, oxygen, sulfur or phosphorus [106]. These compounds can be subdivided
into materials of saturated and unsaturated molecules, where the latter ones contain at least one double
or triple bond between adjacent carbon atoms [107]. Here, double bonds are of particular interest. They
are composed of a strong σ bond, which is formed by the overlap of two sp2-hybridized orbitals, and a
weaker π bond originating from the overlap of two p orbitals. In the latter case, the in-phase combination
lead to the bonding π orbital and the out-of phase superposition form the antibonding π∗ orbital that is
energetically higher. If an organic molecule comprises an alternation of single and double bonds in the
same geometrical plane, the material is said to be π conjugated. The p orbitals overlap in these systems and
form a molecular π orbital whose spatial expansion leads to a delocalization of corresponding electrons
and gives rise to a high molecular polarizability. In the description of interacting π orbitals, the highest
occupied molecular orbital (HOMO) is formed by the bonding π bonds and the antibonding π∗ orbitals
constitute the lowest unoccupied molecular orbital (LUMO). Upon photon absorption, where the lowest
possible transition is defined by their energy difference, Coulomb attraction leads to the formation of a
bound electron-hole pair that is commonly described as a neutral quasiparticle called exciton.
In comparison to excitons in anorganic semiconductors, where the Coulomb interaction is efficiently
screened due to a high dielectric constant, these Frenkel15 excitons exhibit significantly larger binding
15Yakov Il’ich Frenkel, 1894-1952, Soviet physicist
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energies between 0.5 eV and 1.5 eV, strongly depending on the conjugation length of the molecule [108–
110]. As a consequence, they are particularly stable against charge separation and can be investigated
even at room temperature.
On the other hand, the absorption band of π-conjugated systems is red-shifted with respect to the regime
of photochemical decomposition and its spectral position is in first approximation determined by the
conjugation chain length and number of π electrons [107]. Considering the complexity of the molecules
and the abilities of chemical synthesis, these compounds constitute an attractive class of active materials,
whose absorption bands occur at wavelengths above 200 nm, covering a wide range in the ultraviolet,
visible and near infrared spectrum.
These materials can be separated into three categories based on their molecular weight: small molecules,
star-shaped emitters or dendrimers, and linear polymers [35]. In this work, microlasers incorporating
active media of the first category are under investigation. Their molecular weight is in the range below
1000 u and in contrast to the other types of π-conjugated materials, they can be thermally evaporated under
high vacuum, whereas weak intermolecular van der Waals16 forces allow for comparably low processing
temperatures.
Absorption and Emission
To describe electronic transitions in molecules as a consequence of electromagnetic interaction, usually
the Franck-Condon17,18 principle is applied. In this approximation, the dynamic reaction of the molecule’s
wavefunction is assumed to be significantly slower than the electronic excitation process [111]. As shown
in Figure 2.17, the principle is visualized by vertical transitions in the energy diagram. Having absorbed
a photon, the molecular system is put in an excited state |Ψ1ν〉 within a timescale of 10
−15 s [12]. Even
though the thermal relaxation to the vibronic fundamental state |Ψ10〉 is three orders of magnitude slower,
its time constant is still negligible in comparison to the lifetime of the subsequent fluorescent relaxation
(∼10−9 s) to a vibronic state |Ψ0ν〉. A very fast internal conversion complements the cycle and the system
resides in its initial ground state |Ψ00〉. As a consequence of these mechanisms, the emission band is
substantially red-shifted with respect to the absorption which is referred to as Stokes shift. Taking into
account the timescales of the distinct processes, these materials constitute inherent 4-level laser systems,
where population inversion can be realized very efficiently.
The complexity of organic molecules involves a multitude of rotational and vibrational modes generating a
dense band of closely spaced vibronic states being coupled to each electronic state. As a result of emission
broadening, the spectra of organic molecules are continuous and have a large width of several tens of
nanometers, which makes these emitters very desirable in the light of tunable resonators [17, 21, 25, 112].
Intermolecular Energy Transfer
In deposited thin films of organic media, the intensity of luminescence can be drastically reduced due
to intermolecular interactions. Processes related to this effect are referred to as concentration quenching
or self-quenching of fluorescence and can be alleviated by decreasing the number density of the emitter
molecules [35, 113]. In small molecular weight systems, a common strategy is to blend the organic dye
16Johannes Diderik van der Waals, 1837-1923, Dutch physicist
17James Franck, 1882-1964, German physicist
18Edward Condon, 1902-1974, American physicist
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(a) (b)
Figure 2.17: Illustration of optical transitions in organic molecules (adapted from [12]). On the left,
the potentials S 0 and S 1 of the ground and the first excited singlet state are split into their
vibronic eigenstates |Ψiν〉 (i = 0, 1). According to the Franck-Condon principle, transitions
occur vertically. Due to the very fast thermal relaxation, the emission is red-shifted with
respect to the absorption. The right figure shows the emission and absorption of such a
molecule schematically, whose spectra exhibit mirror symmetry in harmonic approximation.
In organic solids, the transition peaks would not be resolvable at room temperature due to
homogeneous broadening.
with a host material [114,115]. Upon optical excitation, the dopants can be efficiently pumped if the matrix
material exhibits a weak absorption at the pump wavelength. Another option is to choose the organic
molecules such that the luminescence of the donor and the absorption band of the guest show considerable
overlap. In this configuration, the energy of excited states can be efficiently transferred from the matrix
molecules to the dopants by a non-radiative dipole-dipole interaction known as Förster resonance energy
transfer (FRET) process [116]. Here, the fluorescence of the host is quenched intentionally and a four-level
laser system is extended over the electronic systems of both molecules, as shown in Figure 2.18.
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Figure 2.18: Schematic representation of the Förster resonance energy transfer in a Jablonski diagram
(adapted from [12]). If the transfer rate of the process significantly exceeds the spontaneous
emission lifetime of the donor (left), excited states are efficiently transferred to the acceptor
molecules (right).
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3 Samples and Experimental Techniques
3.1 Materials
3.1.1 Resonator Materials
Depending on the architecture of microresonators, different sets of materials and deposition techniques
allow high quality structures. While the simplest design of a DFB laser incorporates a single layer on a
laterally extended surface structure, VC resonators comprise multiple layers of at least two materials with
differing optical properties. As can be seen from their material dispersions in Figure 3.1, the oxides of
titanium and silicon are favourable materials for dielectric mirrors in the red part of the electromagnetic
spectrum. Using Equation (2.143), the stop-band width, whose large extent originates from the high
refractive index contrast, can be estimated to 150 nm. In addition, both oxides offer very weak extinction
in the spectral range of the laser emission as well as at the pump energy. In consideration of waveguide
structures, the refractive index of SiO2 (n ≈ 1.45) is low enough to serve as barrier material for a large
group of organic substances [117, 118].
For lateral surface structures, the positive-tone photoresists ma-P 12101 and AZ® ECI 30072 are used.
These materials contain a photoactive compound drastically decreasing the solubility of the base resin.
Being destroyed by UV radiation, these compounds inhibit the removal of the photoresist only in
unexposed parts of the coated film. In the spectral design window of the optical structures investigated
here, the absorption of these substances are negligibly weak and their refractive index can be calculated by
means of the Cauchy coefficients, obtained from the technical data sheets of the products (see Table 3.1).
In contrast to the oxide layers, which are deposited by electron-beam physical-vapour deposition under
high vacuum, these photoresist films are spin-coated under ambient conditions.
1micro resist technology GmbH
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(a) (b) (c)
Figure 3.1: Dispersion relations n(λ) and κ(λ) for (a) TiO2, (b) SiO2, and (c) the glass of the substrates
on which the resonator structures are deposited. The data is taken from the database of
spectroscopic ellipsometry measurements at IAPP.
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A B C
ma-P 1210 1.607 1.5 · 104 0
AZ®ECI 3007 1.5952 8.4508 · 103 6.556 · 108
Table 3.1: Cauchy coefficients of the positive photoresists employed for lateral structuring. The parameters
are obtained from the technical data sheets of the products and used to calculate the wavelength
dependent refractive indices of the polymers.
Figure 3.2: (a) Molecule structures of the host and guest materials Alq3 and DCM. (b) Absorption
(dashed) and photoluminescence (solid) spectra of the host material Alq3 (black) and the guest
molecules DCM (red). Every spectrum is normalised to its maximum value. The spectral
overlap of the emission of Alq3 and the absorption of DCM allows for a very efficient energy
transfer of excited states from host to guest molecules.
3.1.2 Active Medium
The optically active material embedded into the microresonator structures of this work is a blend of the red
laser dye 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) doped by 2 wt.%
into Tris-(8-hydroxyquinoline)aluminum (Alq3). The chemical structures of these two small molecular
weight substances, their absorption and photoluminescence spectra are depicted in Figure 3.2. In addition
to the large overlap of matrix luminescence and guest absorption, the spontaneous emission rate of the
matrix molecules (∼ 7 ·107 s−1) is more than one order of magnitude weaker than the transfer rate between
Alq3 and DCM molecules separated by 20 Å or less [116]. According to the considerations from above,
the small molecule system constitutes an efficient 4-level system, where pump and emission energy is
spectrally separated by FRET leading to a minimization of reabsorption losses [101].
For the implementation in vertical cavities comprising dielectric mirrors of SiO2 and TiO2 designed at the
gain maximum of the laser dye, the luminescence band is largely covered by the stop-band of the mirrors,
facilitating a large variation range of resonant modes in tunable resonator structures [25].
3.2 Sample Preparation
Being very sensitive to impurities and structural inhomogeneities, optical systems on the microscale
require a high degree of purity. To ensure defect-free adhesion of deposited layers, the glass substrates










Figure 3.3: Illustration of the optical interference lithography in a Lloyd’s mirror setup. The sample
(orange) is orientated perpendicularly to the mirror. The angle between the laser beam and
its reflected wave depends on the angular position of the rotation stage and determines the
grating period.
have to be purged of dust and organic residues and are subjected to a cleaning procedure which involves
ultrasonic baths in acetone, ethanol, isopropyl alcohol, and deionized water. Having been freed from
solvent remnants by high-pressure nitrogen, they are immediately used in one of the deposition techniques
described below.
3.2.1 Laser Interference Lithography
The reduction of characteristic sizes in micro- and nanostructuring processes has continually enabled
new advances in nanoscience and nanotechnology. The associated concept of photolithography generally
refers to any technique that is used to write patterns into photosensitive materials, which are usually
polymers whose solubility modified by photochemical reactions [119]. There are numerous approaches to
rule the intensity distribution and the consequent relief structure. In contrast to mask-based strategies,
which are usually connected to sophisticated equipment, interference lithography is an inexpensive option
allowing for large-scale periodic patterns with pitches in the order of half of the wavelength [120]. By
immersion and nonlinear spatial frequency multiplication techniques, this limit can be even undercut
considerably [121].
In this work, spin-coated photoresist layers are exposed to the interference pattern of two laser beams in
a Lloyd’s mirror setup, shown in Figure 3.3. Spatial filtering leads to a lateral expansion of the 325 nm
line of a helium cadmium laser in single-mode operation (TEM00) and removes aberration induced
imperfections of the beam. The laser light impinges both the sample and the mirror, where the reflected
wave receives a different propagation direction leading to an interference pattern in the photoresist film. In
the assumption of plane waves, which is a good approximation for a large distance between rotation stage





where the theoretical limit of Λ = λ/2 follows from the extreme case of α = 90 ◦.
In this configuration, reflection on the surfaces of the glass substrates lead to parasitic interferences
which can lead to a significant variation of the intensity in surface-normal direction [122]. However, the













Figure 3.4: Schematic representation of two physical vapor deposition techniques: (a) Electron beam
physical vapor deposition (EBPVD), where an electron beam is directed into a melting pot
containing the target material that can either be melted and evaporated (TiO2) or directly
sublimed from solid state (SiO2), and (b) thermal evaporation (TE), where the organic materials
are thermally heated above their sublimation points.
refractive index contrast of the photoresist materials and the glass substrate is so small, that a considerable
contribution of this effect only occurs for very small values of Λ. In this case, one could use anti-reflection
coatings, which have to be precisely designed for a specific setup configuration, or very thin photoresist
layers, where the scale of the structure size exceeds the film thickness. On the opposite substrate surface,
the target is fixed on a silica glass prism with water as immersion fluid. Thus, the refractive index contrast
at this interface is negligibly small and the transmitted part of the incident beam is coupled out efficiently.
Thereupon, the exposed photoresist is resolved in a developer, leaving a periodic surface-corrugated film
that defines the Bragg condition for DFB resonances in the structures investigated.
3.2.2 Physical Vapor Deposition
Two of the numerous methods to produce thin films under high vacuum are the electron-beam physical
vapor deposition (EBPVD) and thermal evaporation (TE). Both techniques, employed to produce the
active layers, barrier films, and dielectric mirrors of the resonator structures investigated, are available in a
single multi-purpose chamber3, where a minimum base pressure of ∼ 10−7 mbar can be achieved.
The oxide layers are grown by EBPVD, whose elements are schematically depicted in Figure 3.4a. In
this process, electrons are emitted from a tungsten filament and accelerated by a high voltage of 8 kV.
Controlled by a modulated magnetic field, the particle beam is directed onto the granulate of the target
material. In contrast to SiO2, which is sublimed directly from solid state, TiO2 is melted before being
evaporated. In this case, an oxygen partial pressure of 2 ·10−4 mbar prevents the development of suboxides
generating parasitic absorption [123]. If the partial pressure would be too high, a higher film porosity
would lead to increased water adsorption and therefore time- as well as temperature-dependent optical
properties [124]. Both materials are deposited at a rate of 2 Å/s, which is controlled by a calibrated
measurement the resonant oscillation frequency of quartz crystals.
The sublimation points of the organic materials are much lower and the high kinetic energy of the
electrons would lead to decomposition and fragmentation of the molecules. These substances are
thermally evaporated in heatable crucibles, whose temperatures are controlled independently to allow
3Lab500, Leybold Optics GmbH
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(a) (b)
Figure 3.5: (a) Calculated transmissivity of a single Alq3:DCM layer on a glass substrate as a function
of the wavelength and layer thickness dAlq3:DCM. (b) Schematic representation of the rotating
mask used for the deposition of wedged layers. Its shape is designed to ensure a constant slope
with respect to the rotation center.
for the growth of host-guest systems. Here, the quartz crystal monitoring allows for the control of the
ratio of evaporation rates of donor and acceptor materials. In contrast to the electron-beam evaporation,
the layer thickness is controlled optically through an in-situ measurement of the transmissivity of the
organic layer. As shown in Figure 3.5a, this quantity periodically varies as function of the thickness and by
appropriate choice of the wavelength, one can determine the film thickness very precisely. The utilization




The pump system consists of a mode-locked titanium-sapphire (Ti:Sa) laser, a regenerated amplifier
system, and a barium-borate (BBO) crystal for second-harmonic generation (SHG). Femtosecond pulses
of the pump laser at a wavelength of 800 nm are coupled into the amplifier that can be divided into three
parts. The pulse stretcher elongates the pulses in order to reduce their energy density and prevent the
optical elements from being damaged. The amplification takes place in a regenerative laser resonator
with Ti:Sa as active material pumped by a neodymium-doped yttrium lithium fluoride (Nd:YLF) laser.
The number of round-trips is controlled by two Pockels cells. The pulse compressor increases the energy
density again, so energies of approximately 1 mJ per pulse with a duration of 100 fs can be achieved
at a repetition rate of 5 kHz. This technique of generating ultrashort high-intensity laser pulses was
demonstrated by Mourou and Strickland [125], who were recently awarded the Nobel Prize in Physics for
this work. The high energy densities can lead to nonlinear optical processes, such as frequency doubling in
suitable types of crystals. Here, the SHG takes place in the BBO crystal generating photons of appropriate
energy to pump into the absorption band of the host molecule Alq3.










(b) Regenerative amplifier system





(i) Sample on translation stage
(k) Collecting lens
(l) Spectrometer
(d) (f) Photo diode
Figure 3.6: Schematic representation of the experimental setup utilised for the spectrally resolved measure-
ments of the laser emission. The measurements of surface and edge emission are incorporated
in one setup and chosen by the position of the flip mirror (g). The orientation of the sample (i)
has to be chosen respectively
3.3.2 Spectrally Resolved Measurements
The entire setup for the measurement of transmission and emission spectra is illustrated in Figure 3.6.
The intensity of the pump beam is modulated by the attenuation system comprising a filter wheel and a
motorized attenuator. The characteristics of the pump pulses are very sensitive to ambient conditions. To
be able to compare different measurements with each other, the input intensity is measured by a photo
diode.
The distinct confinement and propagation properties of vertical and lateral resonator structures imply
the necessity to investigate their surface and edge emission. To choose between these to configurations,
the beam path can be switched by means of a flip mirror. Focused by a parabolic mirror, the pump
beam has a diameter of approximately 80 µm in the focal plane where the active layer of the organic
lasers resides. The samples are fixed on a translation stage that allows for the measurement of mode
dispersion characteristics in continuously tunable devices. A collecting lens couples the emission into the
spectrometer, where the spectrally resolved intensity is obtained.
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4 DFB and VC Organic Microlasers
The microresonators investigated here are composed of distributed-feedback (DFB) structures and vertical
cavities (VCs). As described in Section 2.3, these structures provide positive optical feedback in the
waveguide regime and in surface-normal direction, respectively. In preparation for a monolithic design,
where orthogonally guided resonances can interact coherently by means of a cross-coupling mechanism,
the two constituent types of resonators are prepared as separate devices based on the same set of materials
under identical conditions.
Figure 4.1(a) shows the schematic representation of a DFB structure deposited on a corrugated photoresist
film (ma-P 1210) with the periodicity Λ and the corrugation depth h. The SiO2 layer with a thickness
of dS = 500 nm serves as a spacer that separates the polymer from the gain medium Alq3:DCM. If the
active material would be evaporated directly on top of the corrugation, the low refractive index contrast
between these two layers (na ≈ 1.70, np ≈ 1.64) should lead to increased lasing thresholds due to a
weaker confinement of the electromagnetic field with respect to the active core [126, 127] and a decreased
coupling efficiency of the Bragg grating [128]. In advance of the oxide layer deposition, the topography
of the corrugated photoresist surface is obtained by atomic force microscopy (AFM) to characterize the
grating quality. Figure 4.2a shows the measurement result of a first-order structure with a corrugation
depth of 150 nm. The accurate value for the periodicity is taken from the calculated Fourier spectrum, as
exemplarily shown in Figure 4.2b for a structure with a periodicity of Λ = 206 nm. To compare emission
properties and lasing characteristics to those of a VC, vertical-cavity surface-emitting lasers (VCSELs), as
schematically shown in Figure 4.1(b), are prepared. In these devices, two DBRs, comprising 21 layers of
alternating TiO2 and SiO2 layers, encase the optically active material.
4.1 Far-Field Emission
The emission intensity of these two resonator structures are recorded in a far-field detection setup, where
the emission pattern is recorded on a detection screen by a photo camera. The measurement results are
Figure 4.1: (a) Schematic representation of the DFB laser. The SiO2 with a thickness of 500 nm serves as
a spacer with a low refractive index to separate the active layer from the photoresist film. (b)
Sample design of the VCSEL with the organic material deposited between two DBR mirrors,
each comprising 21 layers of alternating TiO2 and SiO2 layers.
52 4. DFB AND VC ORGANIC MICROLASERS
(a) (b)
Figure 4.2: (a) AFM measurement of the corrugated surface of a photoresist layer (ma-P 1210). (b)
Fourier spectrum of the surface modulation along the grating vector of the corrugation with a
sharp and pronounced peak at Λ = 206.0 nm.
(a) (b) (c) (d)
Figure 4.3: Farfield emission patterns of a DFB (a,b) and a VCSEL (c,d) below and above the lasing
threshold.
presented in Figure 4.3 in the regimes of spontaneous emission below (a,c) and stimulated emission above
(b,d) the lasing threshold.
The emission of the DFB reflects the mirror symmetry of the resonator with respect to the xz-plane.
Above the lasing threshold, four collimated beams of high intensity are detected along the ky-axis and
related to two different outcoupling mechanisms. While the inner spots (B, C) originate from the emission
through the edge, the outer beams (A, D) are coupled out through the surface of the structure. By
means of laser diffraction experiments, the latter mechanism is identified as first-order diffraction on an
overlying corrugation produced by a parasitic interference during the preparation procedure of the optical
grating. In subsequent samples, these interferences are suppressed by the implementation of absorbing
materials at the edges of the substrates, as shown in Figure 3.3. The curved shape of the DFB emission
along the kx-axis is a result of the confinement conditions, which do not lead to any restrictions for the
y-component of the wave vector. Analogously to the angular dispersion of a VC, whose parabolic shape is
discussed in Section 2.3.2, the resonant wavelength of DFB modes with non-vanishing ky is shifted to
lower values [129]. As a consequence, the propagation angle with respect to the yz-plane, represented by
the effective refractive index neff (see Equation (2.54)), is altered as well.
In contrast to the horizontal resonator, the emission pattern of the VCSEL exhibits rotational symmetry
with respect to the z-axis. As can be seen in Figure 4.3d, the collimated laser mode in the center is
surrounded by a ring-shaped emission, which is induced by a scattering process from the laser mode into
a second cavity mode and referred to as Kastler ring [130, 131].
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(a) (b)
Figure 4.4: Emission spectra below and above the lasing threshold for (a) a first-order DFB mode at the
Bragg wavelength λB = 604 nm and (b) a cavity resonance at λC = 625 nm. On the left, the
mode is split into two resonances as a result of index-coupling of counterpropagating waves in
the lateral resonator.
(a) (b)
Figure 4.5: Calculations based on coupled-mode theory. (a) Emission spectrum of a DFB with the coupling
coefficient κ and the resonator length L. In between the index-coupled modes, the background
intensity is lowered at the Bragg wavelength λB = 604 nm. (b) Coupling coefficient κ as a
function of the corrugation depth for a first- and second-order DFB comprising three layers
with the refractive indices of SiO2, Alq3:DCM, and air.
4.2 Emission Spectra
Figure 4.4 shows the characteristic emission spectra of these two resonators structures below and above the
lasing thresholds of the resonances investigated. For these measurements, a first-order DFB, comprising
an optical grating with a periodicity of 198 nm and a corrugation depth of h = 50 nm, is prepared with
an organic layer thickness of 140 nm. The emission from the edge of the structure is recorded and
shows the typical features of index-coupled DFB resonators. Two well pronounced modes, separated
by 1.8 nm, are observed at the edges of a small stop band located at the Bragg wavelength λB = 604 nm.
As described in Section 2.3.1, a variation of the real part of the dielectric function governs the coupling
of counterpropagating waves. Consequently, the degeneracy in these structures is lifted in energy and
the propagation of electromagnetic waves is suppressed in between the index-coupled modes. These
properties, observed in the experiment, are reflected in the calculated spectrum as well (see Figure 4.5a).
Based on a one-dimensional description of such an optical system, a good agreement to the measuring
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Figure 4.6: Input-output characteristics of the TE0 mode of a first-order DFB at λ2 = 621 nm (red triangles)
and a VCSEL resonance at λ1 = 624 nm (black circles). Both modes show comparable lasing
thresholds indicated by the nonlinear transition between the linear regimes of spontaneous
and stimulated emission. Measuring points are fitted by Equation (2.166).
results is obtained using Equation (2.131) with κL = 1.5, where κ is the coupling coefficient and L the
spatial extension of the resonator. Below the lasing threshold, a spontaneous emission background with
its center at 611 nm covers a spectral range of about 15 nm, which is considerably smaller than the width
of the photoluminescence spectrum of Alq3:DCM. As explained above, the emission of the resonator
is dispersed as a function of the propagation angle. Taking into account the limited aperture of the
experimental setup, only a restricted fraction of the emission is coupled into the spectrometer.
The emission spectra of the VCSEL show a single fundamental λ/2 mode at λC = 625 nm in each
regime. Analogously to the measurements of the lateral resonator, the repetition rate of the pump pulses
is significantly reduced to minimize the degradation rate of the emitter molecules. As a result, the
signal-to-noise ratio in the measurements below the lasing thresholds is considerably reduced.
4.3 Lasing Performance
To analyze the impact of the distinct confinement and feedback mechanisms on the lasing performance,
two single-mode resonators with similar resonant wavelengths are produced. Figure 4.6 shows the
emission intensity as a function of the pump intensity for the TE0 mode of a first-order DFB (Λ = 200 nm,
h = 50 nm, dAlq3:DCM) and the λ/2 resonance of a VCSEL in double-logarithmic scale, where the different
linear regimes of spontaneous emission below and stimulated emission above the lasing threshold can
be clearly distinguished. Between these two sections, a superlinear transition represents the build-up of
coherence in the optical system and indicates the lasing threshold. A precise comparison is achieved
by fitting the measuring results with Equation (2.166), based on the rate-equation model by Rice and
Carmichael [105]. While the spontaneous-to-stimulated emission ratio β̃1 = 8.0 · 10−5 of the VCSEL
is one order of magnitude lower than the one of the DFB (β̃2 = 9.8 · 10−4), a slightly increased lasing
threshold (I(2)thr /I
(1)
thr = 1.6) indicates a higher amount of optical losses in the lateral resonator.
There are several possibilities to improve the lasing performance of resonances in a DFB structure. The
distribution of the electromagnetic field, which is controlled by the layer design of the structure, is here of
particular importance. As described in Sections 2.2 and 2.3, this parameter affects the gain of resonant
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(a) (b)
Figure 4.7: (a) Mode dispersion of a first-order DFB comprising a wedge-shaped Alq3:DCM layer. A
continuously tunability of the fundamental TE0 mode is achieved by shifting the pump spot
along the thickness gradient. (b) Angular dispersion of a waveguide mode in a second-order
DFB, showing an almost linear dependence of the emission wavelength on the output angle φ.
modes and the coupling efficiency of the optical grating. The second property of the structure which has an
influence on the lasing threshold is the quality and shape of the corrugated interfaces. Figure 4.5b shows
the calculated coupling coefficients κ of the fundamental TE modes of a first- and second-order DFB as a
function of the corrugation depth h. For these calculations, Equation (2.139) is numerically evaluated,
assuming a simple three-layer slab waveguide with a sinusoidal corrugation of both interfaces. As can be
seen from the results, the coupling strength of a first-order device is roughly one order of magnitude higher
than the one of a second-order structure for 50 nm < h < 100 nm. For smaller corrugation depths, the
efficiency rapidly decreases in both cases. Investigations on second-order DFBs show, that the influence
of the lasing threshold on the grating depth is either negligible [132] or increasing with higher values of
h [133]. In these devices, it has to be considered that an increased coupling strength does not only lead
to an improved optical feedback, it also enhances the outcoupling efficiency of the device as a result of
diffraction on the Bragg grating.
4.4 Dispersion Characteristics
As can be seen from the Bragg condition (2.115), the resonant wavelength of a DFB depends on the
periodicity Λ of the optical grating and the effective refractive index neff , which is determined by the
waveguide structure and therefore controlled by the layer thicknesses of the stratified system. Analogously
to the VC, a continuous tunability of optically pumped structures can be achieved by shifting the pump
spot along the thickness gradient of the wedge-shaped active film [15, 25, 134]. In case of the horizontal
resonator, the thickness gradient has to be oriented in the y direction and thus perpendicular to the grating
vector ~G = 2π/Λ~ez to ensure constant resonance conditions along the propagation direction of resonant
waves.
Figure 4.7a shows the resonant wavelength of the fundamental TE mode of a first-order DFB as a function
of the core layer thickness dAlq3:DCM. The black line shows the calculated mode dispersion, where the
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Bragg condition is substituted into the eigenvalue equation (2.90) of the five-layer waveguide depicted in
Figure 4.1(a). A very good agreement to the measurement is obtained for a grating period of Λ = 198 nm
within a range of the active layer thickness between 172 nm and 334 nm. The regimes of guided and
substrate radiation modes are defined by the type of solutions which are numerically calculated. While a
perfect confinement of waveguide modes is connected with roots, substrate radiation modes are associated
with minima of the characteristic equation. In the experiment, where the emission through the edge of the
device is investigated, only guided modes are observed. As a result of the weaker confinement, substrate
radiation modes experience an essentially higher damping during the propagation from the pump spot to
the detection area. The highest emission wavelength of 630 nm is determined by the maximum thickness
of the Alq3:DCM film and could easily be increased by depositing thicker layers. However, as can be
seen from the calculation, the slope of the dispersion curve decreases with higher values of dAlq3:DCM and
approaches an upper limit that can be estimated via Equation (2.115) to 673 nm.
In comparison to the mode dispersion of a VCSEL, depicted in Figure 2.14, the spectral shift of DFB
modes is much less sensitive to thickness changes of the optically active layer. While the TE0 mode of the
DFB shows a spectral shift of 30.5 nm during a thickness variation of 162 nm, the λ mode of a VCSEL
experiences a substantially higher displacement of more than 110 nm.
The dispersion of the vertical resonator is calculated for photons propagating in surface-normal direction.
As described in Section 2.3.2, the confinement conditions in a VC lead to a parabolic dependence of
the emission wavelength on the in-plane component of the wave vector. Offering a great opportunity to
analyze interesting and complex mechanisms in photonic systems based on vertical resonators, the angular
dispersion of such structures have been extensively investigated in the community and by the OLASER
group [36, 38, 135–138]. The measurement and analysis of the angular dispersion of first-order DFB
lasers implicate some problems which are mainly connected with the quality of the sample at the edges of
device, where the planar waveguide structure is strongly modified. However, in second-order DFBs, this
problem can be circumvented by measuring the emission coupled out through the surface of the device
by diffraction on the periodic grating. Figure 4.7b shows the spectrally resolved spontaneous emission
intensity as a function of the emission angle φz = arctan kz/kx of a second-order DFB with a periodicity
of Λ = 400 nm. The measurement shows two almost straight lines reflecting the mirror symmetry of the
resonator with respect to the xy plane. These two branches originate from the counterpropagating TE0
waveguide modes which are diffracted on the second-order grating. The resonance condition of the DFB
is met in the point where both lines cross each other [139, 140]. Pumping only a small volume of the
active material with a pump spot diameter of only 2µm, an impact of the positive optical feedback on the
enhancement of the DFB mode, and thus a destructive interference of the oblique waveguide modes, is
not observed.
The results presented above offer a promising perspective with respect to coupling resonant photons of
these two different regimes of out-of-plane (vertical modes) and in-plane propagation (waveguide and
DFB modes). The two types of microresonators show entirely different concepts, symmetries, confinement
conditions, and optical feedback mechanisms. However, their lasing characteristics show comparable
thresholds, indicating the prospect of a balanced interaction in a coupled scenario. In a monolithic
combination, where these resonator elements would share the same active medium, the diverging slopes
of the dispersion curves would allow for tuning both types of resonances to identical resonant energies
by including a wedge-shaped organic layer. These prerequisites for resonant coupling in a composite
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device are complemented by an excellent candidate for the coupling mechanism. As can be seen from
Equation (2.116), second-order DFB structures always emit light perpendicular to the surfaces as a result
of first-order diffraction on the second-order grating (FOD/SOG).
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5 Coherent Interaction of Waveguide and Cavity Modes
As a multilayered structure comprising materials whose optical properties satisfy Equation (2.71), a
VCSEL can alse be considered as a complex waveguide structure, supporting a multitude of in-plane
modes. In these structures, waveguided and leaky resonances are usually considered as a loss channel
and lateral structures are employed to trap photons inside smaller mode volumes and inhibit spontaneous
emission into the waveguide regime [141, 142]. Here, a different approach, where a periodic grating in the
micrometer scale facilitates a coherent interaction of cavity photons and waveguide modes, is presented.
The analysis of the angle-resolved surface emission allows for a clear identification of the mechanisms
leading to the distinct features observed in the dispersion characteristics.
5.1 Device Architecture
A schematic representation of the sample architecture is depicted in Figure 5.1(a). A full VCSEL stack,
comprising an Alq3:DCM 3/2λ cavity between two 21 layer SiO2-TiO2 DBRs, is deposited on a corrugated
silicon substrate. The surface modulation with a periodicity of 1100 nm and a modulation depth of 30 nm
is prepared via electron beam lithography. As can be seen from the AFM measurement and the contour
profile of the uppermost oxide layer in Figures 5.1(b) and (c), the corrugation profile is not smoothed by
the deposition process and shows a persistent continuation throughout the entire structure.
The grating periodicity exceeds the regime of first- and second-order DFB structures significantly. For
guided modes with a wavelength around the gain maximum of the optically active medium, the order of
the device investigated here can be estimated with Equation (2.115) to 5 or 6, depending on the spectral
position and the effective refractive index of the specific resonance. In consideration of heavily reduced
coupling efficiencies in periodically perturbed waveguides with high Bragg orders and a small pump spot
diameter of 2µm, an observation of positive optical feedback at the Bragg condition is not expected. In
these structures, the optical grating primarily serves as a diffractive coupler between the regimes of cavity
and waveguide confinement.
5.2 Dispersion Characteristics and Mode Confinement
As discussed in the previous chapter, the different feedback mechanisms, symmetries, and confinement
properties lead to fundamentally different dispersion characteristics of VCSEL and DFB modes. While
the wavelength of vertical cavity (VC) modes exhibit a parabolic dependence on the emission angle,
waveguide modes coupled out through the surface of second-order DFB structures show an almost linear
behaviour. Figure 5.2 shows the angle-resolved emission spectra of the hybrid device, optically pumped
below the lasing threshold, in TE and TM polarization. Although the intensity distribution shows detailed
and complex patterns, the characteristic features of the distinct photonic systems are identified here as
well. Clearly pronounced in TE polarization, the vertices of the parabolic cavity mode at 0◦ and its
60 5. COHERENT INTERACTION OF WAVEGUIDE AND CAVITY MODES
Figure 5.1: (a) Schematic representation of the hybrid device. A VCSEL with two DBRs encasing
the active material is deposited on top of a periodically patterned Si substrate, leading to a
coupling of in-plane WG and vertical microcavity resonator. (b) AFM measurement of the
top DBR layer of the finished cavity showing that the patterning of the substrate is continued
through all 43 layers. (c) Contour profile of (b) demonstrating the | sin |-like shape of the
surface modulation. The sample preparation and AFM measurement are performed by Andreas
Mischok (IAPP). Figure reprinted with permission of John Wiley and Sons from Reference [2].
Bragg-scattered replica at ±38◦ are visible at 628 nm. The vertex of the side-band dispersion is located
at 595 nm, whereas its intensity distribution is substantially altered in comparison to those of planar
cavities [38]. In TM polarization, the far field is dominated by the waveguide dispersion appearing as
straight lines with an average slope of ±2.4 nm per 1◦. The TE modes from the waveguide structure
demonstrate slightly lower slopes of ±1.85 nm per 1◦.
To unambiguously identify the origin of the resonances observed in the dispersion characteristics of the
hybrid structure, the waveguide modes are numerically calculated by finding the roots of the characteristic
multilayer waveguide function (see Equation (2.89)) for the entire VCSEL stack comprising 45 layers.
The result is depicted in Figure 5.3(a), where the effective refractive index neff is plotted as a function of
the wavelength λ for TE and TM polarization. In both cases, the calculated mode density is significantly
higher than observed in the experiment. To account for this discrepancy, a more precise analysis of
guided modes is required and leads to the examination of their confinement factors, defined in Section 7.2.








for the modes with the highest and lowest confinement with respect to the active layer at a wavelength of
630 nm. The confinement factors of the remaining modes are in the upper single-digit or lower double-digit
range close to 10 %. In consideration of the measurement procedure, where photons are spontaneously
emitted by excited states in the active film, guided modes with a higher percentage of the energy traveling
in the core layer are much more favoured and carry an increased amount of total energy. As a result, these
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Figure 5.2: Spectrally resolved spontaneous emission intensity as a function of the emission angle. (a)
Unpolarized emission. Solid lines represent guides for the eye for parabolic VCSEL and linear
WG modes. (b) TE and (c) TM polarized emission. While in TE polarization, the VCSEL
mode and Bragg-scattered replica are still visible, in TM polarization, the linear WG modes
dominate the far-field picture. In all figures, a pronounced anticrossing is facilitated by a strong
coherent interaction between VCSEL and WG modes. The angle-resolved measurements are
performed by Andreas Mischok (IAPP). Figure reprinted with permission of John Wiley and
Sons from Reference [2].
modes predominantly contribute to the spontaneous emission spectra, while weakly confined modes are
suppressed.
To calculate the far-field dispersion of the waveguide modes diffracted on the periodic grating, the
emission angle with respect to the surface normal is calculated using Equation (2.45). The result is
depicted in Figure 5.4, where the color scales linearly with the fraction of the field intensity guided in
the Alq3:DCM layer. Here, the third and fourth diffraction order appear in the range of measurement and
show a good agreement to the experimentally obtained spectra. The average and maximum confinement
of the TE polarized modes is considerably weaker and therefore lead to a reduced intensity of the
waveguide emission. Analogously, the dominance of the TM polarized waveguide modes is reflected by
the substantially higher values of ΓTM as well. Based on the calculations, the modes of highest intensity
are identified as the TE14 and TM0 mode, whereas the indices designate the transverse mode order. On
the other hand, the calculation reveals the existence of weakly confined waveguide resonances with a
high mode density. In the area of the side-band emission, for instance, vertically propagating waves are
diffracted on the periodic grating and efficiently coupled to the waveguide regime. As a consequence,
the intensity distribution in these regions is fundamentally altered in comparison to the homogeneous
distribution of the parabolic dispersion in planar resonator structures. Figure 5.4(c) depicts the angle-
dependent transmission spectra of the VCSEL structure obtained via transfer-matrix calculations (see
Equation (2.93)) with the 3/2λ resonance at 630 nm and the DBR side band at 590 nm. In addition, the
field intensity confinement of calculated waveguide modes above a confinement of 20 % is overlaid in the
picture. While the spectral positions of the vertical show an excellent agreement to the experiment, the
62 5. COHERENT INTERACTION OF WAVEGUIDE AND CAVITY MODES
Figure 5.3: Multilayer waveguide calculation results. (a) Effective refractive index neff as a function of
the wavelength λ for TE (black) and TM (blue) waveguide modes. For each polarization,
dispersion curves show a similar and almost linear dependence. Calculated field intensity
profiles of (b) TE and (c) TM modes show substantial differences with respect to the amount
of energy guided in the active core layer.
waveguide resonances are slightly blue-shifted when compared to the measurement. Apart from those
deviations, all modes of the resonator structure can reliably allocated.
One of the most important mechanisms observed in the hybrid resonator is demonstrated by the insets
in Figures 5.2(b) and (c), where the emission of the hybrid resonator reveals a coherent interaction of
VCSEL and waveguide modes. Instead of superimposing linearly, the dispersion curves of the different
structures split and appear as pronounced anticrossings in the far-field measurement with energy splittings
of approximately 10 meV. Interestingly, the interaction takes place between resonant cavity photons with
an in-plane wave-vector component and waveguide modes which do not satisfy the Bragg condition. In
these regions, the resonator elements would not provide efficient optical feedback in a decoupled scenario.
In the composite structure, however, the coupling mechanism facilitate points of drastically increased
density of states, where stimulated emission is observed above the lasing threshold of these hybridized
modes [2].
Considering the results from above, the performance of the coupled system might be enhanced if efficient
optical feedback in the waveguide regime would lead to the formation of DFB modes in structures with
smaller periodicities. Second-order DFB modes, for instance, which would be diffracted in surface-normal
direction, might be coupled to cavity photons at the vertex of the parabolic dispersion of the VCSEL if the
architecture of such a composite cavity would be properly designed.
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Figure 5.4: Calculated angular dispersion of diffracted WG modes for the hybrid device. Color scale in
(a) and (b) depicts the confinement as the fraction of a mode intensity guided inside the active
layer. (a) In TE polarization, weakly confined modes with linear dispersion populate the far
field. (b) In TM polarization, resonances of strong confinement are scattered into the surface
emission. (c) Extracted TE and TM polarized modes and transfer-matrix calculation of VCSEL
transmission. The calculated far field provides an excellent agreement to the measurement
and gives a clear explanation for the origin of the modes observed. Figure reprinted with
permission of John Wiley and Sons from Reference [2].
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6 Cross-Coupled Composite-Cavity VC and DFB
Microresonators
As shown in the previous chapter, the different angular dispersion characteristics of vertical-cavity (VC)
and waveguide modes allow for a coherent interaction of resonant photons facilitated by diffraction on a
periodic grating. In this chapter, the concept of cross-coupling vertical and lateral resonances is transferred
to specific points of the dispersion curves. In planar VC lasers, stimulated emission is generally observed at
the vertex of the parabolic dispersion [36], where resonant fields propagate in surface-normal direction (see
Figure 6.1(a)). In DFB structures, the periodic grating provides efficient optical feedback for waveguide
modes satisfying the Bragg condition (see Figure 6.1(b)). Here, the two distinct types of microresonators
are combined into one monolithic composite-cavity structure by incorporating a second-order DFB grating
into an organic VC resonator as schematically shown in Figure 6.1(c). The whole structure is designed
such that both microresonators are coupled coherently due to first-order diffraction on the second-order
Bragg grating (FOD/SOG). In a special case, when the round-trip VC-FOD/SOG-DFB (and back) is a
multiple of 2π in phase, the structure acts as a cross-coupled composite-cavity microresonator and the
electric field oscillates in a mutually coherent fashion in both vertical and lateral directions. When the
FOG/SOG coupling efficiency is high enough, the resonance of the hybrid structure splits into two peaks
in energy domain in order to lift degeneracy, which is typical for coupled resonator systems [47, 143].
The contents of this chapter have in part been published in Reference [1].
6.1 Device Architecture
The cross-coupled composite-cavity microresonator is prepared by depositing an organic Alq3:DCM
wedged VC on a corrugated substrate with a corrugation period of Λ = 400 nm (see Figure 6.2(a)). A
second-order DFB grating is produced in a positive photoresist film by laser interference lithography in a
Lloyd’s mirror setup [122]. The DBR mirrors consist of 10.5 pairs of thermally evaporated SiO2 and TiO2
layers.
Figure 6.1: Schematic structures of VC (a), DFB (b), and cross-coupled composite-cavity resonators.
Vector diagrams show confined k-vector components. Vector diagram in (c) is shown for the
case when the system is degenerate (|~kVC| = |~kDFB|). Figure reprinted with permission of AIP
Publishing from Reference [1].
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Figure 6.2: (a) Schematic sketch of the sample. (b) AFM measurement of the corrugated photoresist
surface. (c) Spontaneous emission spectra of the cross-coupled resonator (edge emission)
as a function of the thickness of the organic cavity layer. The intensity is normalized to the
maximum of the measured signal. (d) Intersection of the VC mode C and DFB mode TE2
showing strong photon-photon interaction and giving rise to a 6 meV energy splitting. Solid
lines show calculated eigenvalues for C and TE2 dispersion branches (dashed lines) obtained
by diagonalizing an interaction Hamiltonian [92]. Figure reprinted with permission of AIP
Publishing from Reference [1].
During the deposition process of the oxide layers, the corrugation profile of the photoresist layer is
modified by a planarization effect, however its periodicity is well preserved up to the top of the structure.
While this effect introduces additional asymmetry in vertical direction, it should not influence dispersion
characteristics of supported resonances.
The wedged cavity layer provides the possibility to tune resonances locally by shifting the pumping
position along the thickness gradient. While this small wedge (∼ 6.7 × 10−5 rad) does not influence the
emission properties of our structures too much [25, 144], it provides the possibility to control the round
trip phase and thus the coupling efficiency of various resonances within the composite cavity.
The basic waveguide geometry in the cross-coupled composite-cavity microresonator consist of an organic
Alq3:DCM layer surrounded by TiO2 of index nT = 2.1 and is bounded below and above by nS = 1.45
index SiO2 material. Since all further dielectric layers belong to the DBRs of the VC and have an optical
thickness of λ/4, the evanescent fields of the basic waveguide can easily tunnel into adjacent layers and
effectively spread in both orthogonal and to the propagation directions. This leads to substantially lower
field amplitudes of laterally guided waves within the organic medium. Therefore, the DFB resonances
exhibit significantly higher lasing thresholds than the VC modes inside the cross-coupled resonator.
The samples are pumped optically using a focused 80µm diameter beam at a wavelength of 400 nm by a
regenerative amplifier system which provides femtosecond pulses with a duration of 100 fs at a repetition
rate of 5 kHz. By shifting the pump beam along the thickness gradient, a continuous tunability of resonant
modes in the organic microlaser device is achieved. The dispersion characteristics of the cross-coupled
composite cavity at some specific cavity thickness are mapped by measuring the spectrally resolved
photoluminescence signal which is partially scattered by the structure.
6.2. DISPERSION CHARACTERISTICS 67
Figure 6.3: Spontaneous emission spectrum of composite-cavity microresonator. Blue line shows the
intensity I (left axis) as a function of the energy at an active layer thickness of 743 nm in the
degenerate regime. The measurement result is fitted by the calculated transmission spectrum
(red line, right axis) using the coupled oscillator model described in the text. Figure reprinted
with permission of AIP Publishing from Reference [1].
6.2 Dispersion Characteristics
The measurement result of the emission spectra as a function of the Alq3:DCM layer thickness is plotted
in Figure 6.2(c), showing the mode dispersion of six resonances in the cross-coupled microresonator. The
analysis of characteristic slopes of the dispersion curves indicate the presence of two different type of
modes in the composite-cavity device. The first one shows very little dependence on the thickness of the
organic layer with an energy variation between only ∆ETE3 = 4 meV and ∆ETM1 = 21 meV during an
active layer thickness change of ∆d = 50 nm. The second type shows a significantly higher resonance
shift of ∆EC = 76 meV for the same change in cavity thickness.
Considering the confinement conditions for VC and DFB resonances discussed above (see also vector
diagram in Figure 6.1(c) for the confined k-vector components), the two different characteristic slopes can
be reliably assigned to the dispersion relations of two different subcavities. Since the VC shows optical
confinement only in one dimension, the confined kFP component is inversely proportional to the cavity
thickness. In contrast, the DFB structure is confined in two dimensions. Because kΛ of a DFB resonance
is fixed (and defined by grating period Λ), only the vertical component changes as a function of d, leading
to a substantially weaker dependence of the emission energy on the active layer thickness.
Since both subcavities exhibit different dispersion characteristics, the cross-coupled composite-cavity
can be tuned in a degenerate state in which both resonators emit at the same wavelength and k-vectors
are coupled through the FOD/SOG mechanism as shown in Figure 6.1(c). Pumping the structure at an
organic film thickness between 740 nm and 748 nm, strong photon-photon interaction of two dispersion
branches (VC mode C and DFB mode TE2), which leads to a 6 meV energy splitting, is observed (see
Figure 6.2(d)).
6.3 Coupling Analysis
A rigorous analysis of light propagation in cross-coupled composite-cavity resonators is difficult primarily
due to the subwavelength corrugation and the large number of waveguide modes associated with DBRs.
Therefore, as a first approximation, a model of coupled classical oscillators is applied in order to














Figure 6.4: (a) Schematic design of the coupled planar organic microcavity used for transfer-matrix
calculations. (b) Calculated transmittance of coupled microcavities with different number of
layers. The design is described by the tuple (NL|NC|NR) defining the number of each DBR’s
layer pairs. The outer mirror layer thicknesses are tuned to values leading to identical Q factors
of Q1 = QTE2 = 351 and Q2 = Qc = 772. The resonance positions of coupling resonances in
the hybrid VCSEL and DFB device are indicated by black solid lines. Figure reprinted with
permission of AIP Publishing from Reference [1].
characterize the photon-photon coupling efficiency of the composite cavity in the regime when both
subcavities oscillate at the same energy and the system is degenerate. Here, a model valid for two coupled
classical resonators with different quality factors Q is derived and in line with the discussion by Bliokh et
al., introduced in Section 2.3.3.
The interaction function of two coupled oscillators depends on their quality factors and coupling efficiency




















+ Ψ2 = qΨ1 , (6.2)
and will be used to simulate the resonance splitting in cross-coupled composite-cavity structures. Here, q
is a coefficient expressing the degree of coupling between the fields Ψ1 and Ψ2 in the first and second
resonator with the quality factors Q1 and Q2. The resonant frequency is described by ω0 and f0 designates
the effective driving force of the coupled system. In steady state, the solutions oscillate with the driving
frequency ω and the amplitudes A1 and A2 of the fields in the two resonators are given by




































































the requirement on the coupling strength for mode splitting in the asymmetric composite-cavity can be
written in the compact form
qQeff > 1 . (6.7)
Quality factors of QTE2 = 351 and QC = 772 are extracted from the experimental data at d = 715 nm (away
from the strong photon-photon coupling region, see Figure 6.2) for the TE2 and C resonances, respectively.
Using these values, the coupling coefficient q is obtained by fitting |A2|2 to the experimentally measured
emission spectrum. Figure 6.3 shows the emission spectrum from the composite-cavity microresonator
pumped at an active layer thickness of 743 nm. According to Eqs. 6.6 and 6.7, the minimum coupling
coefficient which is needed to observe the mode splitting in our system is qmin ≈ 2.2 · 10−3.
Even though the model above does not take into account effects such as in-plane DFB mode coupling
or gain modulation of the lateral resonator [82], it allows for comparison of the coupling efficiency in
the cross-coupled resonator to more classical systems, such as coupled microcavities. For this purpose,
a resonators system consisting of two planar organic dielectric cavities coupled axially in a cascade
fashion is designed and schematically shown in Figure 6.4(a). Using a transfer-matrix algorithm (see
Equation (2.93)), the surface-normal transmittance of the coupled structure is calculated and the layer
thicknesses of the surrounding DBRs are tuned to obtain quality factors equal to QTE2 and QC of the
cross-coupled composite-cavity. Figure 6.4 shows the result of the calculation performed for coupled
microcavity designs with 7.5, 8.5, 9.5, and 10.5 mirror pair layers of the center mirror, mainly defining
the coupling efficiency between the two vertical resonators [47, 143].
While 9.5 or more pairs of TiO2 and SiO2 layers lead to a comparatively weak coupling with q < qmin
not satisfying condition (6.7), the calculated transmittance shows an energy splitting of ∆E8.5 = 4.5 meV,
∆E7.5 = 8.1 meV, and ∆E6.5 = 12.2 meV for 8.5, 7.5, and 6.5 mirror layer pairs, respectively. In the
calculation, the upper limit of resonance splitting is set by the coupled microcavity incorporating a center
mirror comprising 6.5 pairs of TiO2 and SiO2 layers. A further reduction of the layer number would
lead to lower quality factors of the separated resonators, which are not used for comparison to the mode
dispersion of the cross-coupled resonator structure presented here.
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7 Dispersion and lasing characteristics of cross-coupled
resonances in composite-cavity microresonators
While the lateral and vertical resonances in the device from the previous chapter show strong photon-
photon coupling, the two resonator elements are incorporated as imbalanced components with a significant
weaker performance of the DFB modes. In this chapter, dispersion characteristics of multiple resonances
in continuously tunable devices are related to calculated modes and their field profiles. In combination
with the analysis of input-output measurements, the lasing characteristics of vertical and lateral resonances
are controlled by adjusting specific design parameters which lead to comparable lasing thresholds of VC
and DFB modes. If the quality of the resonances and the cross-coupling efficiency meet the condition of
strong photon-photon interaction, a fundamental impact of the resonant coupling on dispersion and lasing
characteristics is demonstrated.
The contents of this chapter have in part been published in Reference [3] © 2018 American Physical
Society.
7.1 Vertical and Lateral Performance Balance
Two different layer architectures of the CC are presented. The first one (see Figure 7.1(a)) is designed as a
standard VC with two DBR mirrors of 10.5 mirror pairs, sandwiching the tapered cavity layer, on top of
a corrugated photoresist layer. In the second one (see Figure 7.1(b)), the innermost DBR mirror pair is
replaced by a λ/2 SiO2 layer.
In the standard design, the innermost waveguide core consists of the organic layer and the surrounding
layers of the high index material TiO2. The first total internal reflection of resonant DFB photons, emitted
in the organic core, takes place at the innermost interfaces between TiO2 and SiO2, the low index material
in the layered system. Even though the field amplitude inside the SiO2 is exponentially damped with
increasing distance from the interface, the thickness of only λ/4 leads to a significant amount of energy
tunneling through the barrier. This effect is well known as frustrated total internal reflection (FTIR [54])
and causes a weak separation of active core and DBR waveguide zones. Inside the modified layer
composition, the central waveguide core consists only of the laser material and the innermost total internal
reflection occurs at the interfaces between the Alq3:DCM layer and the SiO2 spacers. The low refractive
index barriers are twice as thick as in the classical design and the energy tunneling into adjacent DBR
layers as a result of FTIR is drastically reduced. As indicated in Figure 7.1, these two different layer
architectures will be referred to as type 1 and type 2.
Based on the multilayer DFB algorithm, the normalized intensity profiles Γ̃TE(x) of TE modes confined
in the composite resonator with an active layer thickness of 600 nm and a periodicity of 400 nm are
calculated (see Figure 7.1(c)). In the type 1 configuration, the mode with the highest amount of the electric
field intensity inside the optical gain medium exhibits a confinement factor ΓC of only 23 %. In the type 2
composition with identical design wavelength and organic layer thickness, the best confined TE mode
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Figure 7.1: Schematic structures of composite-cavity microresonator with (a) type 1 and (b) type 2 layer
design. In the second architecture, the innermost DBR mirror pair is replaced by a λ/2 layer
of the low index material in order to increase the confinement of guided modes with respect to
the active waveguide core. (c) The calculated distribution of the normalized intensity Γ̃TE(x)
of the TE modes with the highest field confinement for an active layer thickness of 600 nm for
the (left) original and (right) modified layer composition. Figure reprinted with permission of
APS from Reference [3]. © 2018 American Physical Society.
shows a considerably higher value of ΓC = 74 %. Even though the structure parameters included in the
calculation were chosen specifically, the conclusion holds for arbitrary values. The strong enhancement of
confinement makes the latter system the favorable design in terms of lasing performance of the lateral
resonator [145–147].
The analysis of the lasing characteristics in the CC resonator involves several devices produced with the
identical set of materials. Figure 7.2(a) shows the input-output curves in double-logarithmic scale of the
VC1 mode with a wavelength of 614 nm and a DFB mode at 632 nm of a CC in the type 1 design at an
active layer thickness dAlq3:DCM of 710 nm. While the vertical mode exhibits a pronounced nonlinear
transition into the regime of stimulated emission, the lateral resonance, although located closer to the
gain maximum of the laser material, stays in the linear regime of spontaneous emission. In contrast, both
types of modes operate in the regime of stimulated emission in the type 2 architecture. As shown in
Figure 7.2(b), two DFB resonances at 624 nm and 627 nm, and the vertical mode operating at 606 nm
demonstrate similar lasing thresholds in a device at an active layer thickness of 540 nm.
To allow for comparability of these two measurements, the influence of the modified layer configuration on
the lasing performance of the vertical mode is measured in planar VCs with identical design wavelengths
and organic layer thicknesses. As depicted in Figure 7.2(c), both cavity modes show comparable lasing
thresholds at the same wavelength of 630 nm, with a slight increase by a factor of 1.4 due to the layer
design modification. This effect is expected and a consequence of the alteration of the cavity itself. In
comparison to the original scheme, the cavity thickness is increased by twice the thickness of a SiO2
spacer replacing the innermost DBR mirror pair and introducing additional losses. This slight increment
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Figure 7.2: (a)-(c) Input-output curves of VC and DFB modes of the CC with type 1 and type 2 device
architecture. The measurement results are fitted using the Maxwell-Bloch model described
in Section 2.4.1. (a) In the first structure, the performance of lateral modes is strongly
suppressed, as exemplarily shown by the linear spontaneous emission regime of a DFB
resonance throughout the measurement. (b) In case of the second layer composition, both DFB
modes show lasing thresholds similar to the one of the vertical resonance. (c) The comparison
of the lasing characteristics of two planar VCs demonstrates a marginal influence of the design
modification on the performance of the vertical resonator. (d) The spectrum in the regime
of spontaneous emission reveals multiple DFB modes with pronounced Bragg dips and the
3λ mode of the VC. Above the lasing threshold, two peaks of the lateral and the one of the
vertical resonator are present. Figure reprinted with permission of APS from Reference [3]. ©
2018 American Physical Society.
of the lasing threshold is opposed by the fundamental enhancement of the lateral performance of guided
modes in the type 2 layer design.
The performance of a DFB resonator depends on output and feedback coupling efficiencies, related to
the corrugation properties of the Bragg grating, as well [148, 149]. In the CC devices investigated above,
the corrugation profiles of the photoresist surface modulation, obtained via AFM measurements, have
identical shapes with similar values of depth and periodicity. Even a significant modification of these
magnitudes should not induce a substantial shift of the lasing threshold. While the corrugation depth in
surface modulated DFB lasers show essential impact only on the slope efficiency [132], variations of the
threshold as a consequence of periodicity changes are rather linked to the location of the emission energy
with respect to the gain maximum of the active medium [17].
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Figure 7.3: (a) TE emission intensity as a function of the active layer thickness dAlq3:DCM and wavelength
λ in the regime of stimulated emission. The dotted lines indicate calculated DFB modes
with a good agreement in the parts of the index-coupled DFB resonances exhibiting a weak
dependence on the active layer thickness. The mode dispersions with the higher slope are
associated to the vertical resonator. (b) Confinement factor of the electric field intensity ΓTE
obtained from the multilayer DFB algorithm for the calculated resonances represented by the
dotted lines (TE j). Dashed lines (TEw| j, w = 0, 1, 2) show the calculated dispersion curves
of modes in the top DBR, core layer, and bottom DBR structure for infinitely thick SiO2
spacers. (c) Calculated distribution of the normalized intensity Γ̃TE(x) of the two labeled mode
dispersion branches at two different positions, illustrating the two sections of high and weak
confinement. Figure reprinted with permission of APS from Reference [3]. © 2018 American
Physical Society.
7.2 Mode Dispersion and Field Confinement
The mode dispersion characteristics in the CC resonator with type 2 layer architecture are shown in
Figure 7.3(a) depicting the output intensity as a function of the active layer thickness and the emission
wavelength. The pump intensity is chosen above the lasing threshold of the resonances whose performance
is analyzed in Figure 7.2(b), so only modes in the regime of stimulated emission are visible. Here the
distinct characteristic slopes can be reliably attributed to the different confinement conditions in the VC
and DFB [1]. More precisely, the calculated dispersion of the lateral resonator (dotted lines) shows an
excellent agreement of the modes TE12 and TE14 to the experiment in the area of measured resonances.
Apart from that, lateral modes operating in the regime of spontaneous emission do not show up in this
measurement. Figure 7.2(d) shows the spectra below and above the lasing threshold of this sample at an
active layer thickness of 540 nm. Below the lasing threshold, the 6λ/2 cavity mode C6 and a multitude of
additional modes, originating from the DFB resonator and reflecting the mode density of the calculation,
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can be observed. Lowering the intensity of the spontaneous emission background, three pronounced
Bragg dips can be recognized at 618 nm, 626 nm, and 638 nm concurrent with the calculated lines of the
DFB modes TE12, TE14, and TE15. As a result of dominant index coupling in the lateral resonator, DFB
modes split into two resonances at the edges of the stop band [77].
In order to explain the high variance of the DFB mode performance, the intensity distribution of guided
modes has to be taken into account. Figure 7.3(b) depicts the confinement factor ΓTE (Equation (5.1))
of calculated DFB modes as a function of wavelength and core layer thickness (dotted lines). While
in most configurations the portion of electric field intensity guided in the gain medium layer is below
10 %, the amount is drastically increased in the regions, where the TE12 or the TE14 resonances show the
lowest lasing thresholds. In Figure 7.3(c), the intensity distributions of these two branches are compared
at Alq3:DCM layer thicknesses of 540 nm and 700 nm. In the first constellation, the higher energy mode
is much better confined to the core layer, while in the second arrangement the situation is inverted. In
both cases, the intensity distribution with the superior confinement (red) has two pronounced antinodes
in the center of the structure, resembling the field distribution of a second-order mode in a single core
layer slab waveguide [150]. The majority of the optical energy of the mode with the inferior confinement
(black) is propagating in the bottom DBR for lower, in the top DBR for higher active layer thicknesses.
The separation of the waveguide structure into elements of less complexity leads to a better understanding
of the results obtained above. For that reason, the CC resonator is conceptually divided into three
parts: the waveguide core Alq3:DCM with two SiO2 claddings (w = 0), the bottom DBR with the glass
substrate and a SiO2 cladding (w = 1), and the top DBR with SiO2 and air claddings (w = 2). To
distinguish between these structures, their resonances are denoted by TEw| j, where j is the transverse
mode order. By expanding the SiO2 layers comprising the gain material, these three waveguide systems
are increasingly decoupled and the mode dispersions approach the case of infinitely thick spacer layers
and entirely separated waveguide elements, whose characteristics are included in Figure 7.3(b). For
decreasing Alq3:DCM layer thicknesses the TE12 line approximates the bottom DBR resonance TE1|6,
involving an accumulation of the electromagnetic field in this part of the CC resonator. For higher values
of dAlq3:DCM, the TE14 mode and the bottom DBR line TE2|5 converge with a growing amount of intensity
propagating in the upper mirror. The second-order mode of the single core layer Alq3:DCM DFB is
depicted by the TE0|1 curve. As a consequence, the CC device can be interpreted as a coupled system of
three DFB resonators, leading to very pronounced and extended anticrossings of the uncoupled dispersion
branches TE0|1, TE1|6, and TE2|5. In the situation, where the vertical mode crosses the lateral modes,
the performance of the DFB is drastically reduced due to strong interaction of these three parts of the
multilayer waveguide exhibiting a weak confinement of the optical field with respect to the gain material.
7.3 Cross-Coupled VC and DFB Modes
The complexity of the CC resonator provides numerous possibilities to tune resonance conditions and
performance properties of the vertical and lateral oscillator. While the variation of layer thickness
parameters affect both resonator elements, the modification of the periodicity of the Bragg grating only
influences characteristics of the DFB. The dispersion characteristics of a type 2 CC device, incorporating
a DFB grating with a periodicity of 450 nm, is measured and reveals a multitude of 10 resonances in
the spectral range between 600 nm and 660 nm (see Figure 7.4(a)). Analogously to the analysis of the
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Figure 7.4: (a) Measurement of TE polarized spontaneous emission spectra as a function of the active
layer thickness dAlq3:DCM of a type 2 CC resonator with a periodicity of 450 nm. Two charac-
teristic types of dispersions are associated to the distinct basic VC (C5, C6) and DFB (TE14,
TE15, TE16, TE17) resonators. Index-coupling induces mode splittings with varying coupling
efficiencies and differences in emission wavelengths up to 10 nm. (b) Calculated absolute
square of electric field amplitude of the DFB modes in the substrate at the interface to the
photoresist layer. Increasing values are associated to decreasing index coupling strengths in
the experiment, and vice versa. (c) Calculated intensity distribution of the TE16 resonance,
showing the three regions of dominant top DBR, active core, and bottom DBR confinement.
The last one is associated with a higher intensity amplitude guided in the substrate of the de-
vice. (d) Experimentally obtained spontaneous emission spectra in TE (top) and TM (bottom)
polarization show substantially sharper resonances in the upper spectrum. Figure reprinted
with permission of APS from Reference [3]. © 2018 American Physical Society.
previous devices, the lines C5 and C6 are identified as vertical modes, while the remaining dispersion
curves originate from the horizontal resonator. These lateral resonances form four pairs of index coupled
DFB modes at the edges of the corresponding stop bands, whose center positions are depicted by dashed
lines, matching the calculated dispersion curves (solid lines) very well. The resonators implemented in the
CC device show coherent interaction appearing as pronounced anticrossings in the positions A1, A2, and
A3. In these configurations, the distinct resonator are efficiently cross coupled by FOD/SOG and operate
in the regime of strong photon-photon coupling.
The coupling strength of the index coupled DFB modes shows a significant variation, with a global
wavelength splitting maximum of 10 nm of the TE16 resonance at an active layer thickness of 630 nm.
According to coupled-mode theory [75, 86, 149, 151], two parameters have to be taken into account: the
coupling coefficient κ and the device or propagation length L. The first parameter depends on the refractive
index contrasts, the modulation profile, and the electric field intensity at corrugated interfaces [149]. Due
to a planarization effect of the corrugation profile during the deposition of the oxide layers, coupling
efficiencies should be increased for modes with a higher amount of electromagnetic energy traveling
into the bottom section of the CC device. At the same time, this configuration would also lead to a
more effective FOD/SOG with a higher amount of losses and shorter propagation lengths of resonant
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Figure 7.5: Lasing threshold as a function of the wavelength of VC modes in TE and TM polarization.
Approaching the shaded areas, the VC modes cross-couple to the lateral resonances resulting
in hybridized VC/DFB modes with strongly modified lasing thresholds. The thresholds differ
substantially depending on which photonic branch a laser mode resides. On the other hand,
being not in the regime of strong photon-photon coupling, the TM polarized resonance follows
the typical curvature without stronger variations along the spectral range. Dashed lines serve
as guide for the eyes.
photons. At this point, a second loss mechanism has to be considered. The spectral interval of the
measurement corresponds to an effective refractive index range below the refractive index of the substrate.
The resonances observed are therefore in the regime of substrate radiation modes, perfectly confined
by total internal reflection only at the top interface. Figure 7.4(c) shows the spatial distribution of the
calculated electric field intensity as a function of the active layer thickness exemplarily for the TE16
resonance. The three sections of top DBR, Alq3:DCM, and bottom DBR mode are well identifiable and
show a good agreement to the output intensity distribution of the measured curve. In addition, higher
values of dAlq3:DCM lead to a raised amount of energy leakage into the substrate. The calculated results
of the maximum electric field intensity of all four radiation modes inside the substrate are shown in
Figure 7.4(b), revealing a direct link to the stop band width of the index-coupled DFB modes observed in
the dispersion measurement. Negative slopes of the substrate intensity curves, and therefore diminishing
energy losses, are connected to increasing index coupling strength and vice versa.
7.4 Lasing Performance
The concept of the CC resonator in the regime of strong cross coupling involves the interaction of TM
polarized fields and molecules with different dipole orientations in the optically active medium, while TE
polarized modes only couple to dipoles oriented in-plane and exploit the molecule density less efficiently.
However, strong photon-photon coupling is only observed in the TE polarized case. Considering the
condition of mode splitting qQeff > 1 in a system of two coupled resonators [1], the coupling coefficient q
and the effective quality factor Qeff have to be discussed. Generally, TM polarized modes show a weaker
coupling to diffraction gratings than TE modes [152]. In addition, the performance of TM resonances
cannot be related directly to their power distribution and their modal gain may be significantly lower than
the one of TE modes even in the situation of similar confinement conditions [66]. The latter aspect can be
verified directly by comparing the measurements of the respective emission spectra. As can be seen in
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Figure 7.4(d), the TE resonances of the lateral resonator show significantly higher quality factors than the
modes in the TM polarized spectrum.
To analyze the influence of cross-coupling effects on the laser characteristics, the input-output curves of
the VC modes from above are measured throughout the gain spectrum of the active medium. Figure 7.5
shows the lasing threshold intensity as a function of the resonance wavelength of the CTE5 , C
TM
5 , and C
TE
6
modes. The measuring points of the TM mode show a typical curvature with a minimum at the optimal
setting of resonator design and gain spectrum, and elevated values for detuned configurations [17, 21, 25].
As mentioned above, the requirements for strong photon-photon coupling are not met in this polarization
and an alteration of threshold conditions by the DFB resonator is consequently not observed. Analogously,
the TE modes demonstrate the same dependence in the absence of cross-coupling effects. However, in the
vicinity of the shaded areas, representing the spectral lift of degeneracy in the anticrossing regions A1 and
A2, the lasing thresholds of the CTE5 and C
TE
6 resonances deviate substantially from the characteristic shape.
In both cases, the uncoupled dependence is approximated within a range of 2 nm on the higher wavelength
side of the splitting. For shorter wavelengths, the threshold intensities stay on an almost constant level
within a distance of 10 nm, where the increase of cross-coupling-induced losses are compensated by gain
reduction due to higher distances of the resonances to the gain maximum of Alq3:DCM.
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Conclusion
This thesis focuses on the investigation of composite-cavity microresonators, where positive optical
feedback is simultaneously provided in the waveguide regime and in surface-normal direction. The two
constituent resonator elements which are combined in these optical systems are the VC and the DFB,
whose distinct architectures lead to entirely different optical properties such as confinement characteristics,
resonance conditions, and feedback mechanisms.
To develop a monolithic combination of these two photonic structures, planar VCSEL and first-order
DFB resonators are prepared as separate devices using the same set of materials under identical ambient
conditions. The investigations presented in Chapter 4 involve the comparison of far-field measurements
reflecting the structure-specific symmetries of the two basic microresonators. Their emission spectra
demonstrate fundamental differences which are connected to the interaction of counterpropagating
resonances in DFB lasers. The experimental results are related to calculation results based on coupled-
mode theory and analyzed with respect to different structural properties such as corrugation depth and
Bragg diffraction order. Even though VCs and DFBs are based on entirely different concepts, the structures
investigated here show comparable lasing thresholds.
In Chapter 5, the different angular dispersion characteristics of cavity and waveguide modes have been
employed to coherently couple resonant photons of the different regimes in a VCSEL comprising pe-
riodically perturbed interfaces. The measurements of the angle-resolved spontaneous emission spectra
show the parabolic and linear dispersion characteristics of VC and waveguide modes, respectively. A very
strong variation of the emission intensity of lateral modes is connected to the confinement characteristics
of the resonances. For this analysis, the associated electric and magnetic field intensities are calculated
using a multilayer-waveguide model. In combination with transfer-matrix calculations, the theoretical
results show an excellent agreement to the measurements. In points, where the dispersion curves of VC
and waveguide modes overlap, coherent interaction is demonstrated by pronounced anticrossings in the
far-field spectrum. As a consequence, stimulated emission of these hybrid waveguide-VCSEL modes can
be observed in regions of the far field, where the photonic systems would not reach the lasing threshold in
a decoupled configuration.
Chapter 6 deals with the design, optical characterization, and coupling analysis of a continuously tunable
CC microresonator consisting of a VC and a second-order DFB structure. Here, the coupling mechanism
is transferred to VC modes without an in-plane wave-vector component and waveguide resonances at the
Bragg condition. In consideration of the distinct confinement mechanisms, the mode dispersion curves
experimentally obtained from the spontaneous emission spectra are reliably assigned to the constituent
resonator elements. When the system is degenerate, the different regimes are coherently coupled due
to first-order diffraction on the second-order grating and the VC and DFB resonances split as a result
of strong photon-photon interaction. A coupled oscillator model is derived to describe the coupling
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efficiency between cross-coupled modes. In comparison to coupled microcavity systems described by
transfer-matrix calculations, the results show comparable coupling efficiencies.
An extensive analysis of the cross-coupled microresonator system, providing coherent interaction between
vertically confined VC and laterally guided DFB modes via second-order Bragg diffraction, has been
presented in Chapter 7. In the original design, where the gain material is sandwiched between two
standard DBR mirrors, tunneling of resonant photons, generated in the active layer, into the adjacent
mirrors leads to an unbalanced optical performance of two resonators. Based on the analysis of electrical
field distributions of guided DFB modes, a second layer architecture, comprising low refractive index
spacers next to the organic medium, is designed. In this structure, a drastically improved horizontal
performance and marginally increased vertical losses lead to comparable VC and DFB performances.
Dispersion measurements of continuously tunable devices show an excellent agreement to calculated
mode dependencies, whose dispersion branches originate from strongly interacting DBR and active core
modes of the DFB resonator. The analysis of dispersion characteristics of substrate radiation modes show
the influence of the loss-induced limitation of the propagation length on the index-coupling efficiency of
supported DFB resonances. In the situations of higher index-coupling strength, efficient cross coupling
is observed as pronounced anticrossings in the mode dispersion and significant deviations from the
uncoupled lasing characteristics.
Outlook
An important aspect relevant for the lasing characteristics of the CC resonator is how radiating dipoles,
randomly oriented in space, couple to the resonator fields. While the cross-coupling mechanism does not
change the polarization of TE modes, it rotates the polarization of TM modes by π/2 twice per round-trip
in the diffraction plane. Therefore, molecules with a radiating dipole lying in the diffraction plane will
couple to the resonator more efficiently than others. However, in the structures investigated TM modes
do not meet the condition for strong photon-photon coupling. To analyze the impact of the mechanism
described above, the quality factor of these modes should be increased further. Analogously to the strategy
employed in this work, the confinement of TM resonances with respect to the optically active medium
could still be improved by modifications of the layer design. Considering the spacer layers between DBRs
and active film, increased values of the layer thickness or materials with lower refractive indices could be
utilized.
In addition to the layer architecture, the lateral structure offers several degrees of freedom and possibilities
for controlling the lasing performance. While the coupling efficiency in first-order DFB structures
does not strongly depend on the corrugation shape, calculations based on coupled-mode theory show
that the coupling coefficients of rectangular and blazed gratings decreases much faster with increasing
Bragg orders than those of sinusoidal or triangular gratings [149]. In addition, mixed-order [153] and
substructured [148] gratings have been utilized to control the lasing threshold of DFB lasers. Here, a
combination of first- and second-order structures could be employed to spatially separate regions of
cross-coupling and enhanced in-plane optical feedback and consequently reduce the overall amount of
losses in the coupled system [154].
Exciting opportunities arise from the inclusion of positive optical feedback along the third dimension by
the incorporation of lateral 2D structures. DFB resonators based on these type of optical gratings usually
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lead to higher slope efficiencies and lower lasing thresholds [155, 156] and offer an even larger structural
versatility in square [157], hexagonal [158], and aperiodic lattices [159].
Interesting phenomena can be observed in photonic systems based on plasmonic arrays, where dispersion
characteristics and diffraction efficiencies can be strongly modified in comparison to dielectric DFB struc-
tures [160]. In vertical resonators comprising planar or structured Ag layers, the far-field is fundamentally
altered by the formation of Tamm states [38, 39]. As a consequence, the implementation of such lattices
should have a critical impact on the interaction of cross-coupled resonances in the devices investigated
here.
Coupled-resonator systems are of key importance in the rapidly-emerging field of topological photon-
ics [42, 46, 161]. Proceeding from the results given by the present work, the number of participating
resonator elements can be easily increased by pumping larger volumes of the cavity. In this scenario, a
resonator chain of vertical resonators could be coupled laterally by the DFB structure. Furthermore, this
principle can be extended in the y direction by implementing a 2D Bragg grating facilitating an array of
coupled microresonators. Considering a grating-induced birefringence [162], this configuration should
lead to interesting topological phenomena such as synthetic gauge fields [163].
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